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S Ul<l·:ARY 
Spin Fluctuations occur at low temperatures in narrow band 
systems that possess a high density of states and a strong exchange 
interaction • Such systems possess no localised moments , but rather 
exhibit a class of behaviour in the ·physical properties reminiscent 
of magnetic systems • The physical properties of the Actinides are 
anomalous at low temperatures • In particular , Pu has a negative 
magnetoresistivity , a T2 term in the low temperature resistivity 
and other physical properties reminiscent of magnetic orderings at 
low ter.;peratures • However , experiments have failed to detect any 
existence of localised moments in Pu • The high value of electronic 
specific heat constant and a highly exchanged enhanced magnetic 
susceptibility, indicative of a high density of states and a strong 
exchanGe interaction,in the Actinides favour the existence of Spin 
Fluctu8tions in these systems • In this thesis , we present a cal-
culation of the magnetoresistivity in the Spin Fluctuation model 
and are able to account rather satisfactorily for the negative 
magnetoresistivity of Pu • Other physical properties of the Actinides 
are also discussed in the ligr:t of the Suin Fluctuation model 
which while still imperfect and limited to low temperatures , ~rovides 
a unified picture for the Actinides • 
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Introduction 
. The existence of magnetism in the early members of the Actinide 
series , especially Plutonium , has long been the subject of controversy 
in this field of research • The high value of the electronic specific 
heat constant~ and the highly enhanced magnetic susceptibility of 
the Actinides indicate a large density of states at the Fermi surface 
and hence the likelihood of magnetic ordering in these metals • In 
addition, various transport pro~erties of Plutonium, e.g. the 
negative magnetoresistance , the anomalous Hall effect , the electrical 
resistivity which is highly reminiscent of that of~-Mn , known to 
order antiferromagnetically , all add to the speculation of magnetic 
orderings in Pu i~ particular (for a review, see Lee 1971 ). However, 
various experiments designed to detect the existence of localised 
moments in· the Actinides (Brodsky 1971 and references therein) have 
given negative results • On the other hand , the fact that a large 
number of compounds of the Actinides , e.g. UN , U2C3 ' UPt , NpAl2 ' 
NpC , PuPd3 ' PuN, PU3S4 ,( e.g. Hill 1970) order magnetically 
at low temperatures, and that Actinides.in dilute solid solution 
in Pd show either nearly magnetic behaviour (e.g. Pd-Pu) or form 
localised moments on the Actinide impurity atoms all point to the 
localisation of the 5f electrons on the Actinide atoms in tha compounds 
and dilute alloys , giving rise to the magnetic or nearly magnetic 
properties in these systems • One would expect , on these grounds , 
magnetis~ to be highly likely in the Actinide metals , especially 
in Np and Pu where the density of states is ~igh and a large number 
of their compounds and dilute alloys are magnetic • This t together 
with the failure of experiments to detect the existence of local 
moments in the pure Actinides, has led Brodsky (1971) and Arko 
et al (1972) to suggest that Np and Fu are nearly magnetic , or the 
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so called Spin Fluctuation systems , i.e. systems that ~ossess a 
hi[hly exchange enhanced macnetic susceptibility , the enhancement 
. (which increases with both the exchange interaction strength nnd 
the density of states) being sufficiently large to give rise to , 
at low temperatures , a class of behaviour re~iniscent of magnetic 
systems • It is part of the purpose of this thesis , therefore , 
to discuss the properties of the Actinide metals in the light of 
the Spin Fluctuation model. ( 
The main aim of this thesis is two-fold : 
1) To calculate from first principles the magnetoresistivity in the 
Spin Fluctuation ~odel and to apply the result to Pu , 
2) To put together the available theoretical results of physical 
properties in the Spin Fluctuation model as well as the corresponding 
experimental results of the Actinides and to make a comparison 
between the two • 
However, because of the close connection between 1) and 2) , 
1) is somewhat admixed into 2) in the presentation of this work. 
In the first c~apter , we shall atte~pt to explain what Spin Fluct-
uations are and the conditions under ~hich they occur ; we concentrate 
our discussion on the nearly ferromagnetic Snin Fluctuations , but 
we also discuss the possibility of nearly antiferromagnetic Spin 
Fluctuations by employing a band structure model used by T.M.Rice(1969) 
in his discussion on chromium • In chapter two , we present a calcul-
ation of the electrical resistivity anct magnetoresistivity in the Spin 
Fluctuation model , and review on the other physical properties 
investig~ted theoretically by other authors • A review of the experi-
mental results in the Actinides is given in chapter three • In chapter 
four , we review on and discuss tIle previous theoretical attempts 
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at explaining the physical properties of the hctinides , \ie start 
off by reviewing on the results of band structure calculations 
'performed by various authors. In chapter five, we apply the results 
of the maenetoresistivity calculation to Plutonium, agreement with 
experimental results is found to be sati.~factory • Other physical 
properties of the Actinides are also discussed in the liGht of 
the theoretical predictions of the Spin Fluctuation model ; the 
effect of temperature increase on the Spin Fluctuation system is 
discussed in the light of recent higher temperature models 
L 
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The Spin Fluctuation model Introduction 
The underlyin~ princiules of the Spin Fluctuation model can be 
best illustrated by considering a ferromagnetic system above the C~rie 
temperature Tc • As is well known , a ferromagnetic spin system retains 
an appreciable amount of short range order above T ,as the tem~erature 
c 
of the system is lowered towards the magnetic transition at T , the 
c 
spin-spin correlation time T as well as the range of spin order increases~ 
until both become infinite at T = T and the system magnetic with all 
c 
its spins aligned ~arallel to each other. By intuitive inference, we 
would expect similar behaviour to prevail in nearly magnetic systems at 
low temperatures where the spin-spin correlation time ~ and the range 
of spin order have become considerable • In other words , the spins 
are aligned parallel to one another over a larger and larger distance 
in space, and these aligned 'clusters' as it were exist for longer 
and lon~er time as the ma~~etic instability is ap~roached • Macroscop-
ically , these 'long-lived' finite ranged orderings of spins give 
rise to fluctuations , in space and time , in the magnetiza:iori of 
the entire system, and hence the name 'Spin Fluctuations' (for a 
review , see Schrieffer 1968) • These fluctuations are correlated , the 
correlation function beinG related to the imaginary part of the 
generalised susceptibility function which measures the response of 
the system to external disturbances • 
The existence of Spin Fluctuations has been well established 
in various high susceptibility alloys and metals like Fd , where the 
non-local magnetic susceptibility function 
'X,(.!:,O) ~ J:([f:(r,t),r;(o,oil) dt ( 1 .1 ) 
where M(£,t) is the space and time dependent m3~netization ,<) denotes 
the thermal average of) has been observed to t:"ve a range of the order 
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6-10 ~ by employing elastic neutron scattering techniques (Low 1<;64) • 
This ranpe would be expected to tend to infinity if the interaction 
strength responsible for the nagnetic te~dency were incrE~se~ to tl:e 
minimum required to produce ferromagnetism in the system at OOK • 
In the Spin Fluctuation model , the tendency towards ~a:netism 
lS determined by the strength of the effective exchanGe interaction 
between electrons in a narrow band • The presence of the exchance 
interaction leads to an enhanced. static susceptibility over that of 
o the Pauli value predicted for a free electron gas • At T = 0 K , 
this enhancement factor , commonly kno~n as the Stoner enhancement 
factor , is given by 
(1 .2) 
where xr is the unenh?-:-.cE: j Pauli suscenti bili ty , r the strengtl: 
o 0 
of thE: exchange interaction, D(e_,) the density of states of the electrons 
l' 
system at the Fermi surface • As the system approaches the ferrom~gnetic 
instability at .L = O°r-;: , tIle factor ;;i~cx:7 (U .J(E. ... J--11) and J,1.ence trle 
o ;:< 
static susceptibility diverges • We see that both J
o 
and D(fF ) play 
an important r6le in determining t~e tendency of t\oo system towar6s 
magnetism • Thus a system is most prone to being ferrc~2~netic when 
it has a strong interaction among the electrons, i.e. a large U 
o 
and/or, a high density of states at the Fermi surface which lS only 
likely for narrow band systems • 
The factor S was first obtained t:leoretically by Stoner (1932,193S) 
in an attempt to rectify the poor aereement between the theoretical 
prediction of the Pauli susceptibility and the ex~erimental values of 
the strongly paramagnetic alloys of the transition metals. Stoner 
postulated a pheno~enolo~ical internal field, knoWn as tl~e molecul~r 
field H~l ' pro:r::ort ional to the magne t iza t ion E of the sys tern , i. e. Ii; .:::,)..!.: 
where A is the so called molecular field constant. The molecul~r field 
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enhanced tr:e polarLj:.~tion of the d-band on tOl,' of that pr,:,duced by 
an externally arplied field I; and thus resulting in ar:. eni1anced r:n::;netic 
. susceptibility % 
M = ~ (H + )\ n ) = ]VB 
o 
giving 
( 1 .4) 
where xP is the Pauli susceptibility and at finite temperature is 
o 
given by the well known formula 
xY= o 
1 f!..DC& ~ 2
J D(~J\~t. )~ 
At zero temperature, (1.4) is reduced to 
p. 2 
%(T = 0)= %oCT = 0)/(1 - 2PBD(~)~) (1.6) 
and the susceptibility diverges as the strength of the molecular 
field incr~ases to the minimum value reouired to produce ferro~a~~etiGm 
at T = OOK • The factor (1 - 2)l~D(~JA)-1 ille_Y be identified with the 
factor in and is related to the effective exchanr,e interaction 
U by A = 
o 
Attempts to clarify the physical origin of the enhanceuent firs: c~ue 
from Izuyarna et al (1963) and Eubbard (1963) • In t~e work of Izuy&~~ et 
al , the origin of the enhancement was re~resented withi~ the fr~~e~ork 
of random phase approximation (RPA) by the ~resence of a s~ort ra~Ge 
repulsion between fermions • In their model , the system is assumed to 
be well described by a tight binding non-degenerate electron b~~d • 
The dynamics of the electrons in tl!e b~fid are th~n assumed to be 
completely described by the Eamiltonian 
H = 1-10 + hi int 
Whereflo= ;- t(k) a~6ak6 
k,6 
+ + 
a a.a a 
k+.1t kt ~'-.1J- k 'J., 
(1 .8) 
(1.10) 
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Ho represent:::. the ordinary ba~!d energy of tr.e electrons, H 
int 
their interacti~n energy, E.(k) is the kinetic enere::l of an electro)-, 
·having wave vector k and is equal to ::2k2/2m for a parabolic band, 
m being the band ~aGS of the electron; a~,6 and a
k 
6 are respectively 
- -' 
the creation and destruction operators for an electron state of 
wave vector k and spin 6 ; N is the number of atoms in the system. 
In the inte,action term)t. t ' the matrix element of electron ln 
interaction h~s been replaced by the constant U • This iml"lies that 
o . 
the Coulomb repulsion between two electrons is only effective when 
the two electrons are within the same atomic orbital. This may be 
allowed as a first approximation to the real situation, . . Slnce ln 
practice, the Coulomb interaction is always screened by the Dresence 
of other electrons and hence has an effective short range • In this 
model , then , a further step has been taken and a zero-ranged in-
teraction is assumed, i.e. the electrons are assumed to interact 
only via the intraatomic interaction U • Now since only the electrons 
o 
Occupying the same atomic orbital can interact, the ~auli Exclusion 
Frincipal further limits the interacti~n to be between electrons of 
opposite spins. 
Assuming z to be the aX1S of magnetization, then we can calculate 
two distinct components of the magnetic susce;tibility function, 
namely, the transverse susceptibility function 'X._+(which is a function 
of the raising and lowering operators Hx(,g"t) :!: i;:y(,g"t), 1-lx being 
the spin density operator along the x-direction) and the longitudin~l 
susceptibility function which we denote by -x.zz(a function of :':z o:1ly). 
In a ferromarnetic system , the two functions would be different 
due to the presence of magnetization along the z-axis, whereas in 
thl! paramagnetic rhase and in the absence of external fields , tte 
- 8 -
three compon€:nts 'lv , ~'~ ,'X-
zz 
naturall;:;, coincide anG 
xx yy 
for a system having cubic symmetry. 
In the tight bindinG approximation, the spin density operators 
are related to the creation and destruction operators a+ and a by 
L (1.11) 
k 
and .M (~,t) = 01_ (~ , t ) ) + (1.12) + 
1-1 (~,t) (F(~)/2N12) L ( + + = a k+ 0 1'(t)akTCt) - a k (t)akCt) ) (1.13) z _+q-t.- _.t-
k 
with the Fourier component of the s:;:in density correlation function 
being defined by 
J
+oO 
= dt 
-0() 
(1.14) 
where a and b denote the components(+, -, or z in this case). The 
symmetrized function of the s~in density correlation 
is then related to the imaginary ~art of the generalized susceptibility 
by (Izuyama et al 1963) 
Sab(~'W) = 1 _ e:p(fu)) 2ImX,ab C.9..,w) (:(.:)1 2 (1.16) 
where X,abC.s.,w) is the Fourier transform of the susceptibility functi:::n 
in equation (1.1) and p = 1/kBT ~:_F(~) is the atomic form factor norm~lise~ 
where ~ has been taken to be one. 
such that F(O) = 1 • 
(1.17) 
Within the Random [hase Approximation(RPA) , Izuyama et al 
has shown that the transverse and longitudinal suscertibilities,for 
a system that can be described by the Hamiltonian (1.10), to be 
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given by 
C+ (.9., w) 
X, (.9. ,0)) = 
-+ 1 
- U r.:: (.9.,w) 
where o -+ 
(1.18) 
f - f 
I-.?+ (.9. ,w) 1 L kt k+,9.,J., = t'} k+.9.) N - £t(k) - w 
and k 
(1.19) 
')(, (.9. ,w) 1 
17.9. ,tv) + ff..<l ,(.1) + 2U [1.9.. , cv) [( Q , <-~) 
= "4 
. ~ o " 1- . 
zz 1 U~ If.9.,W) rt.9.,l'_") - (1.20) 
where 
(1.21) 
and 
(1.22) 
is the modified one-particle energy within the Hatree-Fock framework 
" 
due to the presenCe of the intraatomic exchange interaction. 
n6 = ~ <a~6ak~ is the thermal averaged number of electrons hdving 
spin'~6; f k6 is the Fermi-Dirac distribution function. 
In th~ ~ar~mabnetic ~h&~~, we h&ve the number of u~ spln electr~n3 
equalling that of down spin electrons, i.e. n6 = n_6 and as can be 
seen from the equations (1.18) to (1.21) , '-+ and rt, G coincide, 
and 1(, = ~x, • Hence it is only necessary to consider 'X, (.9. ,l.) in 
zz -+ -+ 
order to gain insight into the nature of the nearly magnetic spin 
fluctuations. As discussed earlier on , in a nearly ferro~~;netic 
system , at low temperatures , spin fluctuations with long wavelenzth 
tend to persist for long periods of time • Hence we would expect 
the most significant part of the Fourier transform of the susceptibility 
function to reside in the low wave vector q and low energy~region 
of the spectrum. For a paramagnet, the function ~+ is complex 
fk - fk+.9. r (.9.,~) = 1 \ 
-+ N L 
-w 
k 
= R(.s.,w) + iI(.9.,w) (1.24) 
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where R and I are respectively the real and imag~n~ry parts SlVel! by 
R(,g"w) = P.P. 1\ IlL 
k 
f - f k k+.9., 
I(.9.,W) ~ ! L Uk - fk+.9.)~(E.(k+.9.) - £(k) - w) 
k 
(P.P. denotes the Principal Part of ) 
For low q and small w such t~at q<.<. kF and w«qvF where kF and v F 
are respectively the Fermi wave vector and the Fermi velocity of the 
system of electrons , R(.9."W) and I (.9."w) can be expanded to give an 
approximate polynomial in q and w with temperature dependent coefficients. 
These coefficients are functions of the derivatives of the Fermi 
distribution function which for a nearly degenerate electron gas at 
low temperatures can be well approximated by their valuec at G1 _ 1. -
This has the advantage of simplifying the mathematics considerably 
wittout altering the essential features of the model. Koreover, the 
Spin Fluctuations are a low te~~erature effect, hence the approximation 
of the coefficients by their value2 at zero te~per3ture 13 we~l 
justified. Within these limits, then, R(,9.,W) and I(.9."W) are e::;iven 
by (Izuyama et al 1963) 
2 2 R(~,w) = R(O,O) - aq - b(W/q) ••••••••• 
= 0 
with 
R(O,O) = 
forlwl (VFq 
forlwl >vFq 
J
Da 
11 
o (E,(k) )/2 
(1.25) 
] (1.26) 
= ~ > b(c(k) - ~) 
K 
at T = OOK, the density of states 
of the electrons at the Fermi surface 
= 
( 1 .27 ) 
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( 1/2) f" ] dE. 
1 D(t.1<') 
= OOK .l. = 12 at T k2 F 
b 1 (V(2ml"m2/41T2 l [£.-y" == fl dE N 
= 
D(E-F ) at T 
== 
OOK 
2 
vF. 
B 11 
D(t.F ) 
= 2 vF 
v = volume of the system 
Hence the imaginary part of the generalised susceptibility 
1m ~ (.9..,w) is given by 
-+ 
2 1m x,_+ (.9.. ,w) = 
(1.28) 
(1.29) 
which for U D(£ ) ~ 1 , 
o F ~2y be reduced to(Doniach and Engelsberg 1966) 
2 1m ~_+ (.9. ,w) ~ 
[ u D(c~~)~ lTJ2 o l' vFq 2 
(1 .31 ) 
This function shows a maximum at an energy Wq where 
(1.32) 
Hence to the extent that one can speak of the Spin Fluctuations as bein~ 
excitations at low temperatures for which.a energy - momentum relationship 
can be defined, we see that they are phonon-like with energy w q 
proportional to the wave vector qth~ving a phase velocity given 
roughly by [1 
w/q ~ E q 0 
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for UoD( EF ) ~ 1 , and hence very much smaller than vF th(.o FermJ.' 1 't - ve OCl y. 
Such excitations are often referred to as parama~nons • The function 
,21m 'X,(,g"w) in effec t give s the VJe igh tings of the di fferen t energy 
Spin Fluctuations and is referred to 20 the spectral density of the 
Spin Fluctuation system, often denoted by A(,g,,~) • 
The paramagnons behave much like heavily damped phonons and give 
rise to changes in the physical properties of the system in much tLe 
same way as damped rhonons. However the scale on which the~e chan;es 
occur is determined by some characteristic temperature , in the case 
of paramagnons, a TSF ",(1- UoD(tF » TF which is yery muc~ smaller 
than the Fermi temperature TF ' whereas in the case of damped phonons , 
the characteristic temperature would be some effective Debye temperature 
which may be expected to be of the order of or larger than TF • Hence 
at low temperatures such that T«TSF ' the Spin Fluctuation effects 
predominate , givin~ rise to the following contributi~ns to the 
physical properties which will be revie~ed and calculated in detail 
in the next chapter • 
1) a term proportional to T2 in the low temperature electrical 
resistivity due to the conduction electrons scattering off the 
paramagnons • These contributions have been calculated by M.J. Bice(1967} 
employing the Variational Frincipie technique and successfully ap~lied 
to liquid He 3 and Fd-Ni alloys(Schindler and Rice 1967) which are 
highly exchanse enhanced • A calculation employinc q,' different ,rilet~~od 
will be presented in Chapter 2 • 
2) a negative magnetoresistivity (fH - to)/ /b(where fb and fE 
are respectively the electrical resistivity in the absence and the 
presence of a m2gnetic field H ) proportional to t~e square of the 
applied field E at low fields • This calculation will be preser.ted 
in Chapter 2 • 
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3) a thermal resistivity pro~ortional to Ttl t ~ 
y ~ a~ ov! e::n::·e:-aLures, 
and a reduced Lorenz number • 
4) a correction to the effective mass of the electrons and low 
temperature electronic srecific heat due to the extra contributicns 
to the single particle self-energy arising from the emission and 
reabsorption of the paramagnons • These effects have been calc~lated 
in detail by Doniach and Engelsberg(1966), Berk and Schrieffer(1966), 
Brinkman and Engelsberg(1968) , ~here a divergence of electronic 
specific heat constant~ with increasing enhancement as well as a 
T3log T term in the low te~perature specific heat were found • 
5) a susceptibility(magnetic) that decreases with increasing 
2 temperatures as (T/TSF ) at 101,01 temperatures such that T« TSF • 
So far , we have only discussed Spin Fluctuations in nearly 
ferromagnetic syste~s which occur around the zero wave vector S = o. 
Spin Fluctuations in nearly antiferrom~~netic systems , however , 
are much less well understood and relatively little work has been 
done. The main reason is that the only itiner~nt antiferroo~~nets 
that have been thoroughly studied theoretically and experimentally 
are Chromium and its alloys and the criterion for itinerant anti-
ferromagnetism in these systems -~s believed to lie in the existence 
of the peculier band structure in Chromium. Hence the possibili"y 
of the existence of antiferromagnetic Spin Fluctuations is debatable 
as the presence of highly specific band structure is necessary to 
give rise to the expected behaviour • However , for the sake of 
completeness , we shall pursue the issue a bit further and discuss 
it in slightly more detail. 
- 14 -
Band structure calculations show that on Lte FercY!i surfa.ce of 
Chromium , there are large electron and hole pocl:ets simil~r in 
'shape and size (Lomer 1962) and that the itinerant antiferro;.;:-~~neti:=;::; 
1n Cr is believed to be due to the nesting of two such similar ~orti0ns 
of the Fermi surface separated by a wave vector ~ a~proxim&tely 
equal to half a reciprocal lattice vector, onto each other. Consequently, 
the itinerant antiferromagnetic ground state at low temperatures in 
Cr is stabilised by the formation of bound interband particle-hole 
pairs from the two portions of the Fermi surface • In systemG that 
are ,nearly antiferromagnetic , i.e. systems that possess such or 
similar band structure but an insufficiently strong exchange interaction 
required to produ~e a stable~antiferromagnetic state, then, in thoery 
at low temperatures , the excitations of such interband particle-hole 
pairs (which manifest as fluctuations in the s?in density of the system), 
or equivalently Spin Fluctuations , having wave vector close to S , 
are fossible , and the low temperature p;iysic3.1 }.:'ro}~erties c:m be 
expected to be altered accordingly • rhe antiferromafnetic Spin 
Fluctuations differ from the ferronaFnetic ones in th~t they occ~r 
around a finite wave vector ~ and not around tte zero wave vector as 
is the case with the ferromagnetic ones • Hence o~e would ex~ect 
interesting features in the generalized susceptibility Xab(,g"uJ) at 
q = S , ~ab being the interband susceptibility • In the paramagnetic 
state , a system of two bands interacting via some effective interband 
exchange interaction U would then have ~ab ' within the R.P.A. , 
given by 
~ab(,g"w) 
lab (,g, ,w) 
= 1 - U Pab (,g, ,w) 
(1.34) 
f(t.~ ) a - f(E k) 
rab (,9. ,w) L -+,g, = w_ (fb _ fa) 
k k+,g, k 
1S the interb~nd susce~tibility 
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in the absence of interaction U ., c b and ~a 
c c are respectively the 
energ1es 1n the band corresponding to the hole surface ~~d ~l~ctron 
surface; the f's are the corresponding Fermi-Dirac distribution 
functions • The system becomes unstable to an antiferromaenetic 
tro.nsition at 1 = U t:b(~jo.J) at v/hich point Xa£.:J..,c..u) becomes infinite. 
However , in practice , %(£) is rather difficult to measure and 
what 1S usually measured in the susceptibility function at zero 
wave vector %(0) which does not diverge as the antiferroma.Gnetic 
instability is approached • Hence evidence for the existence of 
antiferromagnetic Spin Fluctuations is not as readily available , 
although the susceptibility function at finite ~ vectors can be 
measured by neutron scattering techniques( Low and Holden 1966). 
Attempts have been made to apply the theory to alloys of Cr like 
V-Cr and compounds like V1 Cr B2 ,~~n1 Cr B2 ' for 0 < x < 0.8 -x x -x x 
atomic percent (C"astaing et al 1970) , highly specific be.nd structures 
had to be erl~ploJ'ed in order to :::=-~:c the ?.1=:t:lic3ti8~ fea.sible , and 
hence not very satisfactory • Also there has been disp~tes as to 
the kind of dispersion law these exc i tat ions obey , de~;endin': O~l 
the kind of band model employed • For a s~stem with one spherical 
\ 
and one elliptical Fermi surface , Jerome(1970) has shown that the 
spectral density of the Spin Fluctuations has a maximum at an e~ergy 
tv -'J cons tan t q 2 for q""'" Q , whereas Zuckermann (1971) , er.!ploying a q 
band model proposed by Rice for Cr (T.M. Rice 1970) that leads to 
a "cusp" type Kohn singularity in the susceptibility function at 
s = 2 , has shown that a ~q,vq dispersion law is obeyed ,similar to 
the nearly ferromagnetic case • For the sake of com-rleteness , we 
shall discuss in slightly more detail the theory of antiferrom~cnetic 
Spin Fluctu~tions along the lines set out by T.~:.Hice(1970) and 
Zuckerm:.1nn(1971) by considerine:; the followinf, band structure due to 
T.M.Rice • 
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2 (k 12m ) y y 
where for convenience (.9. - ~) is taken to be along the k direction 
z ' 
E.
b 
a.nd ea being measured from the Fermi energy; and a model Eamil to!~ian 
of the form 
H 
= LL 
k6 ab 
-, , 
b a+ a' nd b+ t" w.ere are crea lon operators for electrons in the a and b 
pockets respectively, n is the number operator and U the Fourier 
transform of the effective Coulomb interaction which has been taken 
to be a constant as in the nearly ferromB.gnetic ca.se • The Hamiltonian 
(1.36) is then assumed to describe completely the dynaoics of the 
system, however the effects of intraband exchange has been ignored 
and assumed to be insi;nificant compared to the exchange inter~ctiQn 
beLween the two bands. Within the R.P.A. , then, the generalised 
susceptibility 
. with 
is given by r:b (.9.. ,w) 
as defined earlier on. 
The interband susceptibility can be written in the following form 
for a general band structure(T.M.Rice 1970) 
where Nq(~'1) is the double density of states given by 
Nq (s,1) ~ L b[5- )HE~+!l. - t~)J 6[1- l>(E~+!l. + t~)J 
k 
(1.37) 
(1.3.:) 
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which , for the band structure employed has been shown by T.~: . .r,ice(1970) , 
to be given by 
Nq (5,1) = ~ log [ ~- ~o ] (1.39) 0 %vF I.9. - ~ I 
where ~ = (m m )~/4rr3 
o x y and l'b is the ener[:::y cutoff in the k -k 
x Y 
plane. Employing (1.39) and (1.37) , the real and imaginary parts 
of the susceptibility are then, for small Is - gl and W , given by 
~b(S'w) = Rab(S,w) + ilab(S,w) 
. Rab (S ,w) = ~ (A - }~1T2v q') 2 2 + 0 ((U , q' ) (1.40) o 0 F 
= ~ 'b [ we log 'J, - 1) (.0- vFq' \2 ,2 2 lab(S,W) +(vFq'/2)log w 1 v~q -w og 1.' 
w+ V q' 2 4 F 
( 1 .41 ) 
where 
(1.42) 
and 
q' = f.9.-RI 
and w is the energy cutoff in the k direction. We see from (1.40) 
o z 
that Rab(S,O) has a cusp type maximum at .9. = ~ and this has important 
consequences on the dispersion relation obeyed by tbe antiferroma:~etic 
paramagnons • The limiting form of lab (.9.,w) is given by 
(1.44) 
and the spectral density of these fluctuations in these limits are 
given by 
1 
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1T-VOf.ulog( 1o/0.27vFq I) 
= [1 - UVo(Ao - }(JvFql)]2 + [~YOUwlOg(1o/0.27VFql)J2 
(1.46) 
(1.45) then has a maximum at w where the following dispersion relation q 
is satisfied, 
Then assuming that for q' = I~ - ~I small, w may be written as q 
where the second term is much less than the first(Zuckermann 1971), 
(1.47) can be expanded to give 
w = + (t:J( + Bv ~q , ) 
q - r.r 
where 
Thus in the limi t W» v Fq I , the paramagnons are phonon-.like and 
obey a dispersion relation similar to that of the ferromagnetic 
paramagnons • 
(1.48) 
Now we consider the limi t when W« vFq I • In this limi t , the 
- 19 -
Spectral function will be given by (1 .. 46) and this has a maxi ::1Ur:l at 
2 [, - U ( A -)' tf-v q.)] o 0 F w = + U y IT loge 10/0.27vFQ , ) Q 0 
2 [ (1 - U V A )A ] J. + o 0 0 for vFq '<.< Ao (1 c 49) - UyA"rr 10C;(1 /O.27v q') o 0 o F 
Hence in this limit, the paramagnons are not at all phonon-like, 
but" rather obey the above dispersion law • 
As in the case of nearly ferromagnetic Srin Fluctuations , we 
would expect the physical properties of a system to be altered 
somewhat by the existence cif the nearly antiferro~a~netic Spin 
Fluctuations • However , due to the differe~ce in their behaviours 
near the critical point , we can expect some difference in their 
contributions to the physical properties • 
It has been shown by Moriya(1970) on general grounds , employi~g 
a one - band model , that in a nearly a~tiferromagnetic system , 
as the magnetic instability is appro~ched , no divergence of the 
electronic specific heat constant ¥ occurs , neither is there a 
T3logT term in the low temperature specific heat , contrary to tr.e 
case of nearly ferromagnets • Moriya's findings can be easily verified 
in this two-band model • Following the ap~roach outlined by Moriya 
we can write the dominant contribution of the Spin Fluctuaticn.s to 
the Free Energy as 
AF = ~L JdW coth(w/2kBT) tan- 1[_1_U_I -=(.9.,W) ] 
Co " UR ( a , v:> ) 
~ 
q " 
(1.50) 
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At low temperatures, the most importnnt contribution tObF comes 
from the form of I(,g"w) in the limi t W» vFq' (Zuckermann 1971) • 
Substituting values of R and I from (1.40) and (1.41) , we have 
,OF 
For small W such that w/Ao« 1 and for y A U""1 , i.e. a system 
o 0 
cloqe to magnetic instability at T = OOK , (1.51) can be reduced to 
AF 3 L JWc [ (w / A )( log ( 2 ~ / w ) - 1) ] :! T. dw coth(W/2k T) 0 0 
,+, B 2 
q ' 1 - ~ A U + (if/2) (vFq'/A ) 000 . 0 
(1.52) 
where a cutoff energy w has been introduced to account for the 
_ c 
inadequacy of the model at high energies , and the summation over 
q' is from zero to some cutoff value q' • Then writing the sum~~tion 
c 
over q' as an integral, 
c q' 
fw J AF~ 0 dw 0 C dq' q ,2coth("'/2kBT) (W/A )log(2~ /w) - 1) o 10 1 - voAoU + (~/2)2(vFq'/Ao) 
(1.53) 
(1.53) clearly does not diverge as v A U-+1 , and hence the contribution 
o 0 
of the nearly antiferromagnetic Spin Fluctuations to the Free Energy 
does not lead to anomalous behaviour in the specific heat at low 
temperatures as the magnetic instability is approached, in agreement 
with the findings of Moriya(1970) • 
At low temperatures , the main contribution to the electrical 
resistivity comes from long wave length Spin Fluctuations, i.e. 
those having small wave vectors , near S = 0 • In a .nearly anti-
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ferromagnetic system , critical fluctuations occur around the wave 
vector g which is finite • Hence the m~jor contribution to the 
~lectrical resistivity in a nearly antiferromagnetic system would 
come from the form of the spec tral densi ty in the limi t W(<' vln _ 0.1 
FOo .:s.' 
i.e. small S(<<g) as given in equation (1.46) • We see that the 
spectral density given in (1.46) has anw-dependence similar to 
that in the nearly ferromagneitc spectral density, i.e. 
A(W) ~ w 
This form of spectral density leads to a temperature dependence of 
the resistivity at. low temperatures going as T2 as will be shown 
in the next chapter for the nearly ferromagnetic case • 
To conclude , then , we have , in this chapter , presented 
a general description of the Spin Fluctuation model • He have 
outlined the contributions to the physical properties from the 
Spin Fluctuations both in the nearly ferromagnetic and the nearly 
antiferromagnetic case , where in the latter , we t~ve presented a 
mathematical argument that discloses the essentially different 
nature of the antiferromagnetic paramagnon contribution to the 
low temperature specific heat( from that due to ferromagnetic 
paramagnons ) ; the temperature dependence of the electrical resistivity 
was also discussed and concluded to be the same as in the nearly 
ferromagnetic case • However , due to the uncertainty in the existence 
of the antiferromagnetic paramagnons , we shall from now on center 
our discussion on the ferromagnetic parama8nons • 
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Chapter 2 
ThV,pin Fluctuation model Physical Pro,erties 
In the first part of this chapter , we shall present the 
calculation of the Spin Fluctuation contributions t8 the electrical 
resistivity and the magnetoresistivity • We begin by outlining 
the Boltzman formalism for the general case of a system in the 
presence of a magnetic field and-derive the general expression 
of conduction electron relaxation times and the scattering rates 
of the up and down spin conduction electrons • We then apply this 
to evaluate the electrical resistivity and the magnetoresistivity 
of a nearly magnetic system • In tte second part of this cta~ter 
we shall briefly review on the results obtained by other \vorkers 
for various other physical properties in this model • 
Part 1 Spin Fluctuation resistivity and ma~neto~esistivity 
2.1 Boltzman Formalism 
a) The conduction electron relaxation times 
For simplicity, we shall consider a system in which the 
conduction processes are carried out entirely by electrons in tte 
s-band and consider only the scattering processes through which 
an s-electron flips its spin. We shall igno~e the non-spin-flip 
processes since they are believed to make insignificant contribution 
to the resistivity compared to the former, especially at low temp-
eratures (Mills and Lederer 1966) • Spin dependent scatterings 
are in general inelastic , and in the presence of a magnetic field , 
lead to different relaxation times for the spin up and spin down 
conduction electrons (~ and ~ ) • Therefore it is necessary to 
+ -
consider the two separately • 
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Following Van feski-Tinbergen and Dekker(1963) , we shall 
assume a single parabolic band for the conduction electrons , assumed 
to be s in character , and define t\e zero of ener,S such tILt 
in the presence of an externally applied magnetic field H , the 
one particle energy of an s-electron is glven by 
(2.1 ) 
for the spin up (+) and t~2e spir: down (-) electrons, respectively, 
having a wave vector k ; PB is the Bohr magneton , ~ is the Plank's 
constant , and m is the effective mass of the s-electron • 
s 
In the absence of electric or any other non-uniform fields , 
the distribution function of the electrons is given by the Fermi-
Dirac expr.ession , 
f 
0+ 
1 
where f = (k
B
T)-1 , kB is the Boltzman's consta.r:t , T the absolute 
temperature ; the subscript 0 signifies the equilibrium value of 
the distribution , and E is the Fermi energy of the s-electrons • 
s 
If we now apply to the system an electric field e alons the x 
direction say , the equilibrium distribution of t~e electrons w~ll 
be disturbed and the rate of change of the electron distribution 
(2.2) 
function f (k) (f (k) being the value in the nresence of an ap~lied 
+ - + -
field e ) with respect to time will be given by 
~] = 
ot field 
- (e &/~).(df I~k) 
- +-
= - (eGk 1m )(~f IOE+) 
x s 0+ 
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This rate of change must be balanced by the rate of change due to 
the scattering processes which restore the system back to equilibrium • 
Hence when equili bri urn is re-established . . t' t d 
, l.e. In ~~ s ea y state, 
we must have the total rate of change of f+ vanishing, i.e. 
Of:!:] = 
ot total 
of ] + 
-- + 
ot field 
Of:::] = 
ot scattering 
o (2.4) 
Then employing the usual relaxation time approximation , we write 
of ] + 
ot 
scatt. 
= - (f 
+ 
- f ) Itt' 0+ + = - g (k)/1: + - + 
~ being the relaxation times for the up and the down spin electrons 
+ 
respectively • Combining (2.3) , (2.4) and (2.5) , we arrive at 
f - f = g (k) = 
+ 0+ + - ~ (e~~k 1m )(~f IdE) + x s 0+ + (2.6) 
g (k) being the shift in the Fermi distribution produced by the 
+ -
applied field e . 
The computions for ~ and ~ are very similar , we shall 
+ -
first consider ~ • The density of electrons corresponding to a 
+ 
volume element dk is given by (2u)-3f +(k)dk in the steady state • 
Then summing over all the ~ossible transitions into and out of the 
final state k' , the rate of change of the distribution function 
with time is given by 
~f ] + 
'St 
scatt. 
= 
1 
where P(k~k') is the probability of transition from an initial 
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state k to a final st~te k' , f being the probability th~t s~a~e 
k is being occupied, (1-f') the ~robability that state k' . ~ 1S vaC2..nt • 
The principle of microscopic reversibility requires that 1n 
the absence of external fields , 
p (k '~ k) f' (1 - f ) = p ( k~ k ,) f (1 - f I ) 
o 0 0 0 
= Q(k~k') say (2.8) 
where Q(k-tk') is the intrinsic transition rate. (2.8) implies then, 
that Q(k-7k') -= Q(k'....., k) , i.e. the transition rates both into and 
out of the final state k' must equal in the absence of perturbing 
,c0 
fields • 
After some straight forward algebra , we arrive at the follo~ing 
. of ] 
expression for ~ , 
, scatt. 
:f
t
+] = (21f)-3jdk l P(k~k')f (1-f')[ g~ 
-- -+ -- 0+ 0- f (1-f' ) 
scatt. 0- 0-
g+ ] 
f (1-f' ) 0+ 0+ 
= - g /'t 
+ + 
where we have made use of the following identities 
f (1 0+ f ) 0+ = - k T (~f /~E) B 0+ + 
(2.10a) 
(af /~E) 1 (2.10b) f 0+(1 f' ) - kBT fo+ (1-exP (f(L! _~ 1 ) ) ) -= 1 -0- 0+ + 
-+ 
-
+ 
k' = k cose e being the angle of scatter • , 
x x 
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Then assuming spherical symmetry f th 
or e system , we can write 
the volume element dk' as 
dk' = 2 sine de k,2 dk , = (~(2m )3/2/~3) ~ 
n sine de E' dE' 
. s 
and obtain for 1/"t:+ the following expression 
1 
1 - f (1-exp(A(E -E'»)) 0+ ,- + _ 
'1:_ 
- --cosS) sined8 
1:'+ 
(2.11) 
(2.12) 
Then following exactly the same procedure for the spin down 
conduction electr~~s , we have the following analogous expression 
for 1/'t" 
1 
1:_ 
x J (1 -
1 
1 - f (1-exp(S(E -L'») 
0- I - + 
1::+ 
l_ cose) sinBde 
b) The scatterin~ rates Q(k~k') 
-+ --
+ 
(2.13) 
Bearing in mind the intended application of this theory to 
the Actinide materials which are known to have a narrow band , 
5f in character , that gives rise to their masnetic like behaviour 
we shall assume for simplicity that our system consi3ts of two 
bands , a broad conduction s-band , overlapping a narrow non-conducti~c 
f-band and that the spin-flip scattering processes are governed 
by an exchange interaction between the conduction electrons and 
the f-spin fluctuations • Following ~ills and Lederer(1966) , we 
write the interaction Hamiltonian in the form 
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(2.14) 
where s(r) = the spin density of the s-electrons( the s-electrons 
assumed to be described by plane waves) 
M(r) = spin density of the f-electrons which assumed are 
be tightly bound 
v = volume of an unit cell 
J= exchange interaction.between an s and a f electron 
Retaining only the spin-flip terms in H f' we have 
s-
to 
(2.16) 
in the plane wave approximation for the s-electrons ; C~'t and c
k 
_i-
are respectively the creation and destruction operators in the 
k'1 and ~J. states , and M+ (!) and H_ (o!:) are defined by 
(2.18) 
M_(k) = (N) -J!, f ~UE.) exp( ik.r ) d3r 
(N)-~F(k) L + = ak'+k~ak't in the tight binding 
k' 
approxiamtion ; a+ and a are respectively the creation and anni-
hilation operators for the f-electrons , F(k) is the Fourier transfor~ 
of the charge density associated with the Wannier functions of the 
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f-electrons , normalised so that F(O) = 1 "b' h 
, h e l n t' t e tot a 1 n u '1 '0 -? r 
of atoms • 
Then in the first Born Approximation , the rate of scattering 
of an s-electron from state k with spin up into st~te k' with 
spin down , via the interaction f( f' is given by 
s-
Q(k;-tk~) = ~ fo+(1-f~_)~I<FI)ls_fII)12 P(I) S(~F-~+E~-E+) 
IF 
(2.20) 
where <FI and (II are the final and initial states respectively of 
the f-electron system; P(I) denotes the probability of findins 
the f-electrons in the initial state I ; the S function takes c&re 
of the energy conservation of the scattering process • Then employin~ 
the form of H f defined in (2.15) and the identities 
s-
2lTS (e) = J exp(iH) dt (2.21) 
and 
H(,9.,t) = exp(iH'f t ) H (.9.) exp(-iHft) (2.22) 
where )If is the Eamiltonian of the f-electrons ; the scattering 
rates for the up and the down sp:n s-el~ctrons iave been sho~n by 
Mills and Lederer(1966) to be 
Q(k~k' ) J2 f (1-f' ) H (k -k' E -E') = 4N , 
-+ -- 0+ 0- > -+ -- + 
.. 
Q(k~k' ) 
J2 
f (1-f' ) M (k'-k E'-E ) = 4N , 0- 0+ < - -- + -
-- -+ + 
(2.24) 
where 
M>(.9."w) = r-_ooexp (iwt) (l-i.,:<.q, t )H+ (.9.,,0) dt (2.25) 
roo M<;(.9."W) = _ Dexp (i",t) (H+ (.9.,0) 1-1_ (.9.' t ) d t (2.26) 
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and (0) = the thermal average of the operator 0 
= Tr <PfO) where f f is the densi t~l rna trix descri bing tr:e 
f-band , given by Pf = exp(-ff(f)/Tr(exp(-~flf» • 
This scattering,of the s-electrons via the s-f interaction 
may then be viewed upon as the scattering by a set of elementary 
excitations in the fluctuating f-spin density having energy equal 
to the d:fference between the initial and final state energies 
of the s-electrons • Hence a gain in energy by the s-electron on 
being scattered to the final state (i.e. E' - E )0) would be due 
to the emission of such an excitation (paramagnon) of the spin 
system of the same amount of energy ; conversely , an energy loss 
on being scattered would have been due to the absorption of a 
paramagno~ • Hence the shape and energy range of the paramagnon 
spe6trum , i.e. the spectral density A(~,w) , will be the decisive 
factor governinG the contribution to the resistivity • The sFecttal 
density A(~,w) is defined by 
(2.28) 
where 
new) 1 = 
exp<pw) - 1 
Hence the scattering rates in (2.23) and (2.24) can b~ written as 
where we have written ~ ~ k+-k~ ~ k-kt~ k -k' 
-- -+ 
(2.32) 
- 30 -
2.2 Resistivity 
The relaxation times for the up and dow~ 
related to their respective conductivities, 6+ and 6 , by the 
well known formula 
6 
+ 
dE 
+ 
However at low temperatures and small magnetic fields , 
- (df /()E) 0+ +' 
can be well approximated by the delta function beE -E ) 'see for 
+ s 
example Mott and Jones 1936) • This is in accordance with our 
assumption that k N k - k for small momentum transfer which is 
- + - s 
only possible for electrons residing near the Fermi surface . It 
is these small momentum transfer scatterings t~at Give rise to the 
excitations of the long wavelength (i.e. small q) spin fluctuations 
at low temperatures. Therefore, the conductivities will be , to 
a good approximation ~iven by their values at the Fermi surface 
6 ~ 
+ 
= 
where the subscript F .~ the Fermi surf~ce value • Consequently 
the resistivity will be given by 
= 
So now the problem reduces to that of evaluating ~+ and~_ 
at the Fermi surface where E+ = E s • We shall first cQ'::sider U:e 
case where the magnetic field is absent • In this case , we have 
E d It ~ - and the resistivity in th~ absence =E ,an as a resu ,~= ~ 
+ - + 
of magnetic field 
fo = (26F )-1 
will be givne by 
= (12~ms/e2k~)[ ~ ] 
E=E 
s 
(2.36) 
where the subscript 0 denotes the value of f in zero r.u,·-net i c fie Id • 
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Then it is straight forward to sUbstitute the formula for (1/T) 
in (2.12) and the scattering rate in equation(2.30) into equation 
(2.36) , taking h = 1 , we have 
12-im 
s 
( 2/f)3 
x IF<,g)12 A(.9.. E- E ') J (1 - cos6)sin6d8 
evaluated at E = E 
s • 
In order to conserve energy and momentum in each scattering 
event , we must have 
E' - E = w 
and 
k' - k = So 
where wand S. are respectively the energy and momentum of the 
emitted (or absorbed) paramagnon • Since we are dealing with scattering 
processes~, near the Fermi surface , we can , to a good approximation , 
write n = k' - k with the magnitude of n given by 
..;0. -s -s .;0. 
q = I k' k I = Ik - k'i 
-s -s -s-s 
2~k (1 - cose)~ 
s 
= 
As a result, equation (2.37) can be rewritten as 
fo 
where the integral is over all values of w , positive and negative 
(corresponding to emitted and absorbed parama~nons , respectively) , 
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and A(~,W) is given by the formula derived in the prevl·Ous 
From equation (1.31) , we have 
+ lu D( ~ )lI: ~ 2 
o f 2 v q 
f 
char)ter • 
For small q and co such that q/kf « 1 and CJJ <<''1 f q , the above form of 
A(~,w) can be simplified considerably • For nearly magnetic metals 
UoD(cf ) is approximately equal to one, now since (q/kf )2 and 
2 (w/vfq) are small compared to one, \"ie can approximate A (.9,.,W) by 
A(~ ,w) ~ lTD( Cf ) (1 (2 .. 41) 
In order to account for the inadequacy of the mod~l at large 
wand q , we shall introduce a cutoff wave vector ~c in the srectrum • 
The corresponding cutoff in energy will thst. be Wc = v fqc which 
would be of the order of the characteristic srin fluctua~ion ener~y 
( 1 - U 0 D ( Ef ) ) Cf = k B T S .i;' w her e T S :t' is the c h a r act e r is tic t em::' era t u r e • 
This reduced form of the spectral density then in effect ig~ores 
the high frequency end of the spin fluctuation spectrum • At low 
temperatures such that T« TSF ' this a}2proximation is '.·:ell jus-::ifiei , 
as the Bose nature of these excitations in effect cuts off the 
spectrum at an energy (A);vkBT • 
Substituting equation (2.41) into equation (2.40) and makinG 
the transformation y =~w under the integral , we have 
K Jt~ fo = 8 2 
r -t~ 
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;L 12 2ydy (Es+ B) 1 ( I + exp -y) J
qc 
1 1"-' 2 2 3 
-1---e-:;,-:p-(-i) l' (g) I (q /2ks )dq 
Y/f3V f 
K c 
J
pW 
+ --~2 0 
(E _ Z)~ 2ydy 1 
s f3 1 + exp(y) exp(-y) (2.42) 
where for convenience , vIe have written 
3 m (2m )3/2 J2 1f D ( cf ) K s s = -- k4 --8 e 2 N ( 1 U oDe €'f) )2 v f -s 
3rr m v 
= __ ~ (E )-5/2 s 
64 e 2 s N 
At lo~ temperatures , f is large , we can hence extend the 
upper limi t of integration to ir:.fini ty and t:_e lower limi t in q 
to zero • Ex-r=:andir:~ ~he SQuare roots in the y integrals and perforr.,-
2 
ing the integration over q , taking IF(~)I ~ 1 (see for example 
Mills and Lederer 1966) , we have 
K 
11'3 (q \3 
= 64 ':::) 
72 E 
s 
+ 
y ~~y 2.::; f3 s 
~ ~2 Y.. 1 y 2ZsfJ - s E~ 
)~ 1 . . . . . \ exp(-YJ-1 + e.'. p ( : y ) + ~ 
.. )~P(~y )-1 + f ~1" exp(-y)+j"" 
(2.44) 
dy 
l 
I 
J 
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Thus we see that at low temperatures the re~istivity due to 
conduction electrons being scattered off Suin Fluctuations in the 
2 
f-band goes as T • This result is in agreement with that obtained 
by other authors ( e.g. M.J.Rice 1967 , Mills 1973 , Kaiser and 
. Donicah 1971) for similar systems, where a variation method h~s been 
employed for the calculation • Recently Mills (1973) has shown 
that by employing the full form of the spectral density function 
as shown in equation (1.31) , and expanding the denominator for 
2 
small T , a correction to the T term, initially proportional to 
- (1 - UoD(~f»-1(T/TSF)4 , arises, causing the resistivity to 
2 deviate from the T dependence as the temperature increases • 
However as pointed out by Mills , the expansion employed is only 
valid for limited range of temperatures due to the presence of the 
factor (1 ~ U
o
D(€f»-1 in the expansion. In the low tempe~ature 
region teat we are concerned with , the T2 term predominates over 
all the others , and we therefore feel that t is simple lliodel giV~3 
a reason~ble representation of the overall picture of a Spin Fluct-
uasion system • One immediate remark can be o~de concerninz t~~ 
result in equation (2.44) : the Spin Fluctuation contributi~n 
to the electrical resistivi~y is inversely pro~ortional to the 
square of the characteristic Spin Fluctuation temperature TSF ' 
that is to say , directly proportional to the scuare of tte exchan~e 
enhancement factor (1 - U
o
D(£f»-1. Thus the magnitude of this 
T2 term in the electrical resistivity should increase ~s the tendency 
towards magnetism in the system increases • 
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2.3 Magnetoresistivitl 
We have seen in section (2.1) that the ap~lication of a magnetic 
field to the electron system under consideration leads to different 
scattering rates for the up and down spin conduction electrons , and 
thus a difference in their contributions to the electrical conduct-
ivities • That is to say, in the presence of a magnetic field H , 
~+ is no longer the same as ~ and in order to obtain the value 
to the electrical resistivity in the presence of H , it is necessary 
to evaluate the two separately • The scattering rates of the conduct-
ion electrons , in this case , are governed by the shape and range 
of the spectral density of the Spin Fluctuations in the f-band • 
The applied field H imposes a definite magnetization in the f-bond 
and thus alters the one-particle energy of the f-electrons • One 
wou~d then"expect this change in the f-electron energy to affect 
the scattering rates of the conduction electrons somewhat and thus 
lead to a resistivity value different from that in the zero ma~netic 
field case • 
We shall now proceed to evaluate the spectral density of the f-
Spin Fluctuations in the presence of a magnetic field H and then 
apply it to evaluate the r21axation times ~+ and ~ and thence 
the resistivity PH in the presence of a magnetic field H • Due to the 
dependence of ~ and ~ on the ratio ~ /~ ,there is considerable 
+ - + -
difficulty in the precise evaluation of ~ and ~ • Thus we have 
+ 
limited our calculation to the case of small fields, and made the 
corresponding approximations in the evaluation of the ratio 't'+!t"_ • 
The Hamiltonian for the f-electrons will now take the form 
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= 1-/ + /-I. + /-I 
o lnt Zeeman 
II 0 and Hint are as defined in 'char:ter 1 for the zero moF'netic 
field case and are given by 
Hint 
II is the Zeeman tern and is given by 
17 Zeeman 
HZeema.n = (n i1" 
n. ) 
~ 
(2.45) 
where i denotes the ith atomic site; + n i6 = aid aid is the number 
operator at atomic site i for an electron having spln 6 ; + a i6 and 
a i6 are respectively the creation and destruction operators for 
an electron of spin ~ in the orbital state t(x - R.) , related to the 
- -l 
momentum spin 
i 
+ 
operators a k6 and a k6 by 
+ 
exp(- ik.R.) a
l
' 6 - -l 
ahd g is the g-factor of the f-electrons , E is the magnetic field , 
all other symbols are as defined in ch~pter 1 • 
Within the Hatree-Fock framework, the Hamiltonian in equation 
(2.45) then gives rise to the following one-particle energy for 
- 37 -
the f-electrons having wave vector k and spin 6 , 
(2.46) 
where 16 = +1 or -1 for 6 = t or ~ 
and • 
Within the random phase approximation, the transverse dynamic 
susceptibility X-+(~,~ for such a system interacting via the intra-
atomic Coulomb interaction U
o 
has been shown by Izuyama et al(1963) 
to be 
\o/here r (~, cd) 1S no\V' given by 
-+ 
-'2 \ 
- N L 
k 
with 
(2.47) 
(2.48) 
Since (n.,. - nJ,) is proportional to the magnetization H of the system, 
which for a paramagnet is directly proportional to th~ applied 
field H (M = XH where ~ is the static susceptibility independent 
of the field H and a function of temperature only) , bis directly 
proportional to H • Equation (2.49) can thus be rewritten as 
.h. = - U 0 o.'1/)lB) - gPBH 
2 
= - PBH (UoX,(1')/PB + g) 
(2.50) 
-'8 
-;, -
R(s.,ta>') and I<.s., WI) are respectively the real and im,J-f~inary 
of r (o,w') and are given by 
-+ .... 
R(S.,w') = P.P. 
f - f 
k l' k+.9.,.J, 
1(3" "I') ~ ~ L Uk.,. - f k +3,,J,.) ii( E.(k+3,) - £(k) - (w· - A» 
k 
where P.P. denotes the principle part of • 
(2.52) 
As before , we shall consider the low frequency and snall wave 
vector end of the paramagnon spectrum and evaluate R and I in these 
limi ts • VIe shall also consider small D. (i. e. low' fields) so that 
the limits we shall be dealing with are 
Then writing for convenience the Fermi-Dirac function fl and f, KIl' h+C i _ 
as 
f - f(~(k+.9.) + Uo(n_/N) - (gPBH/ 2 )) k+.9.J. - T 
= f(e,(k+.9.) + Uo(n",/N) + (gPBH/ 2 ) +D) 
= f ( E.' (k+a) + A ) 
- -
so that = 
~f(£'(~)) 
~ E' (k) 
_ I _-...~ 
Equations (2.51) and (2.53) can be expanded for small q , w' and ~ 
to give values of R(.9.,~') and I(.9.,w') in a way similar to that 
al (1963) for the Zero field case • To keep employed by Izuyama et 
the mathematics simple , we have assumed th~t the ch~n~e in rermi 
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energy imposed by the applied field is insig~ifica~t 
~ com;,=~red to 
the zero field value and hence Qan be ignored • Thl'~ 
~ assumption 
is reasonable for small applied fields • As l'n h 
t e zero field case 
all constants of expansion have been evalu~ted t 
~ a zero tem~er&ture • 
'~'his again is reasonable for a nearly degenerate s'-ste"'" of f .L-
v .~ -e eccrons 
at low temperature8 • R(g,w') and I(g,w') nave been evaluated i~ 
the appendix and are given by 
R(,9.,w' ) ~ D(cr ) [1 1( ~y ~ 'Y V --L .A. ] - - L _ ~ w'A (2.55) 12 kf. vfq - (v f q)2 - 2kf vfq 
for q« 2kf 
1(,9., (,(),) If D ( Cof ) 
w' for LV' 
1 
= 2 < vfq vfq 
(2.56) 
= 0 for £v' > vfq 
The above two equations can be readily recognised to have 
a similar form to the ones in the zero field case, giving rise to 
a similar form of spectral function • In particular , we note ttnt 
the form of the dissipative part of the un~nhanced ~us~eptibility, I(g,~', 
remains unchanged '. By direct inference , we expect the form of the 
dissipative part of the enhanced susceptibility , ImX(g,~') , to 
be little affected by the small applied field • The spectral density 
of the system of paramagnons in a magnetic field'is then given by 
-+ 
= 2 ImX (,9., w' ) 
= 
which for q« k f ' cu' ,~<<. v f q can be to a good approximation reduced to , 
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A(.9.,w') = 
Hence as expected , the shape of the spectral density of the 
paramagnons is hardly altered by a small anplied field , and can to 
well a~proximated by the value in zero field • However the energy ~ 
is now the total energy of a paramagnon in the presence of a magnetic 
field, and the paramagnons being spin one excitations, can be 
aligned either parallel or antiparallel to the magnetic field • Thus 
in a scattering event , in order for the energy to be conserved , 
the following must hold , 
E' -- E =W' = (coj;A) 
+ 
+ 
where w is the energy of the paramagnon in zero field • Then subs-
tituting (2.59) into equations (2.12) and (2.13) , integratinG over 
positive and negative values of ~, to take account of both emission 
and acsorption processes ~. d" , an~ l~tro UCln~ a cutoff w = 
c 
v ~c 1 "C 
as before , we have 
1 
"t 
+ 
= :: ~:: (E + ~ + w') deo' 1 1 +1 f (1-exp(-f3w'»)· 1 - exp(pc.o') 0+ 
"t-~cose) sinede 
1'+ 
- ] (2.60) 
t " "t calculatl"on l"n section (2.2) , we retain "in As in the resis lVl y 
tho"se containin~ T2 for low temperatures • (1/~ ) only terms u~ to 0 
+ 
Equation (2.60) is then reduced to 
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dw' 
1 - f (1-exp(-Aw'-;) 0+ ,., 
1 +1 
"t_ 
+ 
- --cose) sined8 
L+ 
(2.61) 
for E+I"V E_"" Es ' and fo+1"J )~ • Equation (2.61) can be slightly re-
arranged to glve 
E~ d co' -:--_--::;;2---:" __ -,-
+ 1 + e xp ( - (3 vi ) 
+1 
• 
1 - exp( (Jw' ) 
't"_ ~ 
- ~)cose sin8de 
'1:'+ 
(2.62) 
For low temperatures and small momentum transfer , q is given 
by equation (2,32) and equation (2.39) ~3 befor~ , ~n~ ~+ ~re to 
a good arproximation given by their values at the Fermi surface • 
Substituting the value of A(~,w') from equation (2.58) , we tave 
1 
1:+ 
= 
J. 
x 
+ ~ 
2 
"w' ~ 1 + e xp ( - f3l.i:,' ) 
c.v'!q jqc 2 q ~ q2 1::;) ~ q.~)~ -e-xp--=(~~-'-u;"':"" ...... ) ---1 IF <.q) I 2 ---:2 + (: -;c 1 - . 2 j-
r k 2k' + 2~· 
A/v S S - S / 
f 
(2.63) 
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where 
= K' rc E% fC 2 1 dw' 2 w'/q _ 1 IF<.g) I 2 q q - e xp ( - ~(Jjl ) do 
't+1F s 1 + exp((3(.j)' ) ---k2 2k2 :!:D b./v s s f 
say , (2.64) 
where ~ can pe readily recognized to be the relaxation time in the 
o 
absence of the magnetic field. This is also obvious from equation (2.63): 
in theabsence of the magnetic field H , ~ 
+ 
_ /'oJ 
- l. , i.e. the relaxation 
times for the up and down spin electrons are equal , and the second 
term in equation (2.63) vanishes so that ~ = ~ = ~ since = 0 for 
-I: - 0 
where 
= K' J"'C 
+A 
E~ dw' 2 
s 1 + exp(-f3<4) _~(.;;.-W~' /~a) __ -:'1JQ C IF <'9)1 2 (I - 0 ~2 2 d q exp fJw' 
/ 
2k k 
b. v f S 
(2m )3/2 lTD( c.f ) (2.66a) K' = s 
4N 
2 IF<.g) I dq 
for A« a vf ·c (2.66b) 
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for A « q c v f (2.66c) 
11 and 12 are both independent of WI and hence of te~nerature 
ease of writing, we shall from now on omit the subscript F in 'l+1F 
and ~+2F ' and the implication of its presence understood. 
As the relaxation times for the + and - conduction electrons 
are interdependent, it is essential to obtain a value for the ratio 
the 
T /~ in order to evaluate their absolute value • Solving the simult-
- + 
aneous equations in equations (2.63) for the ratios~ /~ , we get 
+ -
+ 
L_ (1/~+1) + (1/~+2) + (1/~_2) 
t + = (1/1: -1) + (1 lr _ 2) + (1 /'t + 2) evaluated at E = E + 5 
(1/~+1) + (I2/11)~1/L+1) + (1/~_1) 
= (1/~_1) + (I2/11)~1/L+1) + (1/l_1) 
Now making use of equation (2.64) and further assumln3 
~(!A) is small compared with (1/t
o
) so that terms of order higher 
than (~(~6)/(1/~ »2 can be ignored (i.e. we are considering the 
- 0 
low field limit ) , we have 
"t_ 
1"+ 
= 
(1/1:'0) - ~(b) + (I2/11)«2/~o) - (~(A)+~(-A)) 
(1/~0) - ~(-A) + (I2/1 1 )«2/Lo ) - (4(D)+P(-~))) 
- 44 -
Similarly , 
giving 
Hence 
Then as 
6TOTAL = 
= 
[ 
I2 
+ ~o ~(~A) 2I - I 
2 1 
+ 1:'0 1 (!~) 2[ . 2 - 2 + ~(+~) 
before the total conductivity is 
6 
+ 
+ 
2 
e 
6Tfm 
6 = 
s 
2 
k3 e (1' + L ) 
61f2m s of 
s 
(2.70) 
J] (2.71 ) 
given by 
The resistivity in the presence of a small magnetic field will 
then be 
2: [1 - 't
o
(4)(A) + +(-.11)) + 2~~(A)~(-.A) ] 
o 
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It is customary to write the magnetoresl'stl'Vl'ty d 
-' as a imensionlesG 
quantity <PH - Po)/p o ; from equation <2.73) , it is obvious tLClt 
this is just the second and the third terms \"l·thJ.'n t' 
· Le square brclcl~etc, 
(2.74) 
So now the problem of calculating the magnetoresistivity has been 
reduced dO\vn to that of evaluating tee three integrals (1/1:' ) , 
o 
~(b) and ~<-~) at the Fermi surface , the first of these havine 
been evaluated in the resistivity section and is given by 
1 K' 
-rf 
11 
~ «(3)-2 
= 
"4 E at low temperatures (2.75) 
'to s 
In the evaluation of +<!b) , we shall limit ourselves to low 
temperature,s and low magnetic fields such that the concli tion IAf31 <.4. 1 
is satisfied. In this limit , +<!A) can be readily evaluated and 
have a simple dependence on A and p • At higher fields , the depend-
ence becomes corr.plicated and cannot be evaluated analytically ; &130 
other complications of physical origin may arise and our previous 
approximations in the spectral density of the Spin Fluctuations ~ay 
no longer be valid • The consequences of higher fields will be 
• 
further discussed in chapter 5 • Presently , we shall confi~e ourselves 
to the low field limit which is consistent with our previous assu~p-
tions • We have 1l ,v -20 / PBR'" 1 0 erg gauss x H 
P = (k
B
T)-1 = (1/1.381 ) x 1016 x -1 )-1 T (erg 
Therefore , for T greater than , or of the order of a few degrees , 
the condition/Apl« 1 is satisfied for magnetic field valuse up to a 
few kilogauss • To sum up , then , 'foregoing imposed condition 
has limited the validity of,our calculation to be within the range 
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1
0
K < T < 100 K , possibly slightly higher , 
H<'5 kilo;",;auss • 
Bearing these conditions in mind , we can now proceed to evaluate 
~(~6) • The expressions for ~(~) and ~(-b) are given by (2.64) , 
J ~A 12 I = KII E dUll _~..;:;;w~~ __ 1 ° s exp(,sw') 2 - 1 exp (-pro') + 1 (2.76) 
Making the substi tution y = {3w I as before , we have 
1 2 
exp(y) - 1 exp (-y) + 1 
Forl~~I«1 , y will be small compared to one throughout the 
entire range of integration. Bence we can write to a good approxi-
mation 
2 
exp(y) = 1 + Y + y /2 + ••••• 
and ~(~A) will be given by 
:¥ 
~(~A) .! K' 11 (!3) - 2 J 0 E~ Y dy 2 1 Y 2 + (y3/4 ) 
:! rAp K'I1 (p)-2 E~ 0 dy 
Thus the low field magnetoresistivity in a Spin Fluctuation system 
is given by 
= 
- '"t (~(A) + ~(-A» + 21- 4>(~)~(-A) 
o 0 
= 
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where d is a function of both the m~l~netic field and the i~ter2ction 
strength ( and hence the exchange enhancement factor ) of the Suin 
Fluctuation system and is given by equation (2.50) • Therefore , 
we have found that the magnetoresistivity in a Spin Fluctu3tion 
system decreases with increasing magnetic field at low fields • As 
is directly' proportional tc the applied field H and the exchange 
interaction U , the magnitude of this decrease increases with o 
the interaction strength U and decreases with increasing temperature • 
o 
Thus for a nearly magnetic system with a high value of U , the 
o 
value of bp/po will be large and negative at low values of applied 
fields where the results of this calculation are applicable • An 
application of the results of this calculation will be made to Pu 
in chapter 5 where the physical imnlications will be further discussed • 
Part 2 Spin Fluctuation contributions to other physical nroperties 
2.4 Thermal resistivity 
In this and the following subsections , we shall attempt to 
give a.brief review of the work performed by other authors e~ploying 
a similar band structure to that discussed by us • We shall not go 
into the details of the mathematics involved , but rather give a 
general outline of the methods employed that led to the acquired 
results • 
As in the case of electrical resistivity where in the presence 
of an externally ap?lied electric field , the displaced conduction 
electrons re-establish equilibrium in the system by scattering off 
various available mechanisms , e.g. phonons , impurities , paramagnonsJ 
similar scatterings occur when the system is subjected to a therm3] 
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gradient • In the presence of a thermal gradient , the distribution 
function of the conduction electrons is also changed , and a new 
equilibrium in the system is established when the rate of chanGe 
of the distribution function due to the preser'.ce of the tl:€rmal 
gradient is balanced by the rate of cha.nge due to the conduction 
electrons scattering off the various mechanisms • Here of course , 
we are concerned only with the scatterings by Spin Fluctuations 
that give rise to the thermal resistivity component WSF • 
Schindler and Rice (1967) , with the intention of applying 
their results to Pd-Ni alloys , employed the variational principle 
in their calculation and showed that the thermal resistivity can be 
express~d in the form 
WSF 
1 
= 
kB 
where 
V(k' k ) 
+ 
. Jd3k Jd3k' V(k' , k ) (4)(k') _ 4>(k ))2 + 
-
+ 
;s J d3k k (E(k) of - E ) ~(k ) 0+ S + oE 
+ 
+C)O 
= ( 21T) 3 ~ \ f dw A (,9. , w ) n (w) f 0 + ( 1 
N L -0) 
q 
2 
- f' ) 
0-
x E -w)b(k' -k-,9.) 
+ 
(2.80) 
(2.81 ) 
and t(k ) is related to the deviation,of the conduction electrons 
+ 
(assumed to be s-electrons only ) distribution from equilibrium , 
g = f 
+ + 
f = - -(~f /~E ) '+ 0+ 0+ + _ 
and all the other symbols are as defined previously • 
Then employing a trial function of the form ~(k~)=k.~(E(k6)-Es) x 
a constant (where 6 denotes the spin direction and ~ is a unit 
- 49 -
vector in the direction of the thermal gradl"en+ ) 
•• v and a spec lral 
density of the form 
A(.9.,W) = 0<. w/q for 0 ~ l(ul ~w_ 0 q 
= 0 for iwl >Wq 
with 
4 1 - DoD( cd) q 
w = D oDC cd) ~d O~q~q q 1T kd c 
- 0 q >qc -
N 1Tkd D ( E.d ) 
0(0 = 
2 ed (1 UoD(cd »2 -
where kd and Ed are the Fermi Have vector and energy res;:-Iecti vely 
of the d-electrons. Schindler and Rice have shown that at low 
temperatures such that T«TSF ' the thermal resistivity has the 
form 
.... (2.82) 
where TSF is the characteristic Spin Fluctuation temperature d~fined Ly 
4 
= 
. 1 - UoD(£d) 
0" DC E ) 
o d 
and the coefficients a and b are given by 
alb = [J4(1 - ~(qc/3kd)2) + J2~(qc/3kd)2J I J 5 
a is a constant independent of the enhancement factor (1 - UoD(£d)~_1, 
J are constants given by 
n 00 
J = n! f (s)-n n 
s=1 
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The form of WSF in equation (2.82) was intended for ne~rly 
ferromagnetic dilute Pd-Ili alloys having a narrow d-band • However 
it is perfectly general and applies to any Spin Fluctuation system 
having a similar spectral density. At low temperatures, the thermal 
resistivity due to conduction electrons being scattered off Spin 
Fluctuations goes as T this component should as in the case of 
electrical resistivity , dominate over the contribution from phonon 
2 
scatterings which is proportional to T at low temperatures • There-
fore , provided that the other mechanism of heat conduction , namely 
the phonons , do not contribute significantly to the total conduct-
ivity (as is the case with most metals) this term linear in T should 
be readily observable experimentally at low temperatures in a nearly 
ferromagnetic system • 
2.5 The Lorenz number 
The Lorenz number is the ratio of the electrical resistivity 
to the product of the electronic contribution to the thermal resistivity 
W with the absolute temperature T 
e 
L is equal to a constant value L given by o 
Lo = (~kB/e)2/3 = 2.4453 x 10-8 Watt units Ohm cm./oK 
so long as the electron scattering processes are elastic and the 
same relaxation time holds for both electrical and thermal resistivies • 
In a relatively pure metal whose resistivities arise mainly from 
conduction electrons being scattered off lattice vibrations , this 
situation is realized bQth in the very low temperature limit (or 
I " ) where l."mpurity scatterings predominate the so called residua regl.on . 
and in the high temperature region \vhere T >:> eD t Lc De bye ter.;perat ure • 
In the hiGh temperature region, the maximum amount of energy an 
electron can gain or lose is limited to k B9D which is much less than 
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kBT , the depth of the thermal la;er of the dldectron distribution , 
with the result that all scatterings are essentially elastic • l_o~ever 
at somewhat lower temperatures \vhere only long vlavelencth :nonons 
are thermally excited , the electron distribution relaxes ~redominantly 
by small angle scatterings • The relaxation time for the electrical 
resistivity p becomes longer than that for the thermal resistivity ~ 
e 
(due to the fact that small angle scatterings are less effective 
at checking the flO\v of electron current ) by a factor of ""'C.8If'T)2 
(Ziman 1960) • This gives rise to a reduced Lorenz number th3t goes 
o 
to zero as T~O K • By analogy , in a system in the terr:rerature 
region where electro~s are predominantly scattered by long wavelerl~th 
Spin Fluctuations , \<,e would expect the Lorenz number to be somewhat 
reduced below the L value • 
o 
Schriempf et al (1969) followed the s-d interaction formalism 
developed by ~ills and Lederer(1966) and by em~loyin~ +.' I. c.e var id. t ion,.:;.l 
approach to the solution of Boltzman e~uation deduced th~ followinG 
value of Lorenz number for a system in which the spin density fluct-
uations in the narrow d-band serve.as tte domin~nt mechanism for 
scattering the s-electrons • 
L = L o 
where 
5 
3 + 12P(1)/P(3) 
2Q 
P ( n) = L d~ ')2 0« k 5 q) IF ( k 5'1 ) I 2 
2Q 2t2 (1 - )~ = cos9M , maximum value of Q is one 
h the s-electrons are scattered = maximum angle through whic 
form factor of the d-electrons , ks being the Fermi F(ks" )= 
wave vector of the s-electrons • 
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o(<,g) is defined by A(.9.,w) = ~oC(n), j"(n,w) ~ , ~ b~ing the srectral 
density of the d~Spin Fluctuations. 
k /q 
s 0«9) = constant for a spher-
ical band ~ is an adjustable parameter • 
Taking IF(.9.)/2 = 1 , the fl(n) integrals were evaluated to gIve 
for a pur~ metal th~ following Lorenz number 
(2.84) 
It is apparent from equation (2.84) that the Lorenz number of a 
highly exchange enhanced metal is reduced below the calue L , and 
o 
decreases rapidly with increasing magnitude of the enhancement factor. 
lienee in a system where scattering of conciuction electrons from 
narrow band Spin Fluctuations predominates , we expect a reduced 
value of the Lorenz number that is independent of temperature in the 
low temperature region where po<. '1',2 and 'vleo( ? hold true • 
2.6 Specific heat 
As the exchange enhancement increases , the corrections to the 
one-partical energy due to the e~ission and reabsorption of paramagnons 
become increasingly important • At T = OOK these corrections yield 
an enhanced effective mass for the electrons responsible for the 
Spin Fluctuations • Since the electronic specific heat coefficient 
~ = lim (C(T)/T) is proportional to the effective mass m· , an 
T-tO 
enhanced ~ results. At temperatures above zero, these corrections 
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modify the temperature dependence of the lo~ temr.Jerature " 
- sreclf2-c he~t • 
The calculation was performed concurrently by ~oniach and 
Engelsberg (1966) and by Berk and Schrieffer (1966) where the correc~ion 
to the ground state energy.1E of the system due to the l:resence 0+' 
J -
the interaction represented by the J:amiltonianH, given by equation lnt . 
(1.10) was found to be 
dw I [lOg(1 
q ~ 
where r(~,w) is the generalised susceptibility function for a non-
interacting Fermi gas • This expression for AE provides an af,proxi-
mation to the free energy at finite temperatures on employing temr-
erature dependent Fermi functions • 
The shift in entropy is ~iven by 
AS = - ~'l' AE , leading to the following low temperatur-:- specific heat , 
C 
v 
C = 
vo 
where 0( = 
C 
vo 
m* 
m~ 
m* 
m 
9 
5 
= 
= 
+~({ f lOgO) 
SF SF 
(lTU 0 D (f.f » 2 
1 - UoD(ef ) 
(1 - UoD( t f » 
UoD(E,f) 
2 v 2 D( Ef ) k
2 T 
-
, 
3 B 
+ • • • • 
(2.,36) 
the 'normal' electronic specific heat , 
~ U D( e ) log [1 ' 2 U"D(E r ) ] + 1...(q /k ) 1 + (1 DoD(Ef)) o f 12 c f 
l'n the paramagno n srectrum • h l'S the cutoff wave vector -were qc 
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The te~perature dependence of C
v 
predicted by equation (2.86) 
has been observed in Ni-Rh alloys (Bucher et at 1967) where the 
2 
plot of CvT against T shows an up turn at low temperatures as T 
approaches zero • 
2.7 Magnetic susceptibility 
The contribution of Spin Fluctuations to the temperature depend-
ence of the magnetic susceptibility of a nearly magnetic system has been. 
calculated by Beal-Ivlonod et .al (1968) • The inverse of the uniform 
field spin susceptibility measures the second order energy cost of 
producing an infinitesimal spin polarization. If the ratio of the 
difference in number between the spin up and spin down electrons 
to the total number of elec trons is denoted by 5 = (N + - N, )/N , the 
susceptibility per unit volume can be expressed as 
'X, = 
where N/V is the number of particles per unit volume, PB the Bohr 
magneton , F the free energy per particle • 
Then summing over all contributions to the free energy from 
for low temperatures such that T«TS~ , the magnetic the paramagnons ,_ • 
susceptibility was found to be given by 
where 
= 
2 (\2 4 
1 - !- \~s~) + OCT logT) 
-1 
= ~ 1,(1 - U D(ef » Pau 1 0 
(2.88) 
.' 3 b 
, d s' atisfactorily to data on I.e y Equation (2.88) has been applle 
3 f the well known 'paramaGnon systems' • Beal-Monod et al ; He is one 0 
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Chapter 3 
Ph sical fronerties of the Actinides Ex erimental situation 
3.1 Introduction 
In this chapter , we shall review on some of the known physic21 
properties of the Actinides • This review is by no means exhaustive , 
however, we believe it would give an overall picture of the behaviour 
of the Actinide metals and enable a sensible comparison with existing 
theories to be made • At low temperatures , the physical properties 
of the Actinides are often anomalous and outside one's expectation, 
the anomalous behaviour progresses across the series, with Thorium 
the first metal in the Actinide series , resembling most closely 
to a normal metal , and Plutonium , the furthest along the series 
that has been thoroughly investigated , being , so far , the most 
anomalous • -This progression towards anomalous behaviour is evident 
in various physical prorerties like the electrical resistivity, 
the thermal conductivity , Lorenz number , the electron~c srecific 
heat constant, and the magnetic susceptibility, all of which 
will be revie~ed in the following sections • We shall begin by 
reviewing on the electrical resistivity of these metals , w}lere 
the progreSSion towards anomalous behaviour is most evident • 
3.2 Electrical Resistivity 
We shall begin by giving an overall picture of the resistivity 
behaviour in the Actinides , and then review on the effects of 
various external parameters on the resistivity. Of all the transport 
properties of the Actinides, the electrical resistivity is the 
most extensively studied , both theoretically and experiment~lly • 
Figure 3.1 shows the electrical resistivity of all the Actinide 
metals so far measured • The progression towards hieher and mor0 
- 56 -
anomalous resistivity ~ith increasing ato~ic number is anrarent 
with the behaviour in Thorium approximating 
most closely to a normal 
metal • OVer a wide range of tempe~atures , th e resistivity o~ 
Thorium is linearly proportional to the temperature as expected 
in a normal metal where the scattering of the conduction electrons 
by phonons constitutes the major part of the resistivity. However 
at the lowest temperatures , i.e. the region immediately above 
the residual region, the ideal r0sistivity was found to obey a 
T3 law rattier than the T5 law given by the Bloch-Gruneisen function for a 
simple metal ( Haen and Meaden 1965 , Peterson et al 1967 ) • The 
next in the series , Protactinium , is also relatively normal 
the resistivity is proportional to T up to 1000 K where a chance 
of slope occurs o • Above about 200 K , a very slight curvature is 
apparent • Immediately above the residual region , the ideal resistivity 
was found to be proportional to T2 • 8(Mortimer 1972 ) • Uranium is 
the first to show definite deviati~n from normal metal behaviour • 
A curvature in the f-T curve throughout the measured temperature 
range is evident, with a df/dT decreasing with increasing temperatures. 
A change of slope also occurs in Uranium , at 430 K • This change 
of slope has been widely discussed in literatures and its cause 
has been attributed to a phase transition at that temperature, 
generally referred to as the ~-~ transition ( Mortimer 1972 chapter 6). 
o 
At the lowest temperatures, the ideal resistivity was found to be 
proportional to T3 • 1 ( Meaden 1963 ) • The general trend. follow~d 
by the resistivity of Uranium is much more pronounced and amplified 
in Neptunium, and it has been reported that its resistivity goes through 
o 
a slight maximum at~500oK • At low temperatures , below~15 K , 
the resistivity of Neptunium was found by Arko et al(1972) to be 
2 3.12 d d proportional to T ,Meaden(1963), however , found a T epen ence 
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'., 0 
in the temperature region (;-32 K • The curvature in tl,e f-'~ curve 
has developed into a well defined maxim ..u-m at 1000v ° ~ Fl 
,...., h In,,,,- - utor;:ium 
above this temperature, the resistivity continues to slowly decre~3e 
wi th increasing temperature until the 0( -f rhase transi tion • ~,o"/ever 
measuremen ts on a single crystal of ~-Pu( Arko and Brods;~y 1970 ) 
indicate that along the b-axis of the crystal, the resistivity 
slope remains positive throughout the entire temperature range 
measured , while the maximum at 1000 K was observed in all other 
directions o. At low temperatures , below about 150 K , Arko et al(1972) 
found that the ideal resistivity in Pu , as in Np , obeys a T2 law 
while earlier results obtained by Meaden(1963) indicate that in the 
temperature region T = 8 - 27°K , the temperature dependence varies 
from T2 • 3 to T2 • 8 , depending on the purity of the sample. The 
f-phase of Plutonium stabilised below room temperature by quenching 
shows a even sharper resistivity maximum at 25°K , hb~ever due to 
-1 
the high value of df/dT at the lowest temperatures measured ( 3p cm deg 
at 1.7°K ) , there has been considerable uncertainty as to the 
kind of power law followed by the ideal resistivity in the low 
temperature region • Hall and Purser(1971) , with a reasonable 
choice of ' the residual resistivity, were able to fit the resistivi~y 
to a T1 • 55 dependence. 
3.2a Effect of an exter~ally auplied magnetic field 
° to °t h been made on Thorium Measurements of magnetoresls lVl Y ave 
10 K and 300oK( Berlin-and Uranium in the temperature region between 
1959 ) d and 8 Plutonium at various temperatures court , an on Q(, { 
up to 530 K for 0( -Fu and to 78°K for f -Fu (Brodsky 1967 ) • The re~3 is t i vi +;.y 
of Thorium was found to increase on application of a ,magnetic field 
with the magnitude of the increase directly rro!ortional to the 
square of the applied field H at all field strengths. '~his is in 
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accordance with the prediction of a simple two band theory for a 
system having equal numbers of positive and t" nega lve current c~rrierG • 
However , in Uranium , the increase was found to be pro~ortional 
2 
to H only at low field strengths; at hig~h fields , t~ .. e t" 
. propor lonali ty 
becomes line&r • The results for Plutonium are anomalous • Eoth~ 
and r Plutonium show negative magnetoresistivity(i.e. a decrease 
in resistivity on ap~lying a magnetic field ) at low fields , with 
the magnitude of the decrease diminishing with increasing temperatures , 
until barely observable by 27°K in a<:-Pu and 21 0 K in p-ru • Above 
about 3 Kilogauss, both ?<. and (3 -Pu exhibit normal rnagnetoreisitivity, 
i.e. a magnetoresistivity that is positive and increClses as H2 as 
predicted by simple theory • The results in Plutonium appear to 
suggest two separate contributions to the magnetoresistivity : a 
negative contribution which dominates at lo~ fields , and a ~ositive 
"normal" contribution which becomes dominant as the field strength 
increases • 
3.2 b Effect of Self-Irradiation Damage 
Certain isotopes of the Actinides are unstable and decay by 
~-particle emission. Both the emitted ~-particle and the recoil 
nucleus create interstitials and vacancies along their path lengths • 
At low temperatures , these defects are not mobile enough to migrate 
through the lattice and recombine , hence there is a gradual build-ur 
of point defects with time at low temperatures and this in turn 
, wl'th tl"me of damage. Self-irradiation causes an increase of resistivlty 
damage experiments have been performed on Fa ,o(-U ,o(-Np and u(. and 
he ld at liquid helium temr-~-Pu • In all cases , the samples were 
4 "t' of resistivity 
erature for"" 10 hours and the resulting varla lon 
et al 1970 and references therein) • with time examined (Griffin 
In the first three metals , the damage rates are considerably lower 
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than in c( and f3 -Pu , the difference being too great to ~;c'Y'mi t de t:l: led 
comparisons with the latter two to be made. However, the initi.::il 
rate of resistivity rise at 4.2oK , when normall.·sed to compc:n'able 
damage rates (i.e. rates of defect productl'on) h w ich for a first 
approximation was assumed to be proportional to the self-heat of 
the metal, was found to increase with increase in atomic number 
the normalised rate of resistivity increase in p-Pu being -twice 
that ofo(-Pu • 
Element 
231 Pa 
233 U 
237 Np 
239 o{-Pu 
239 f-Pu 
Table 3.1 
(initial se/dt) + (self heat) 
0.83 x 10-5 
2.8 x 10-5 
10.9 x 10-5 
24.0 x 10-5 
40.0 x 10-5 
This led to the sfeculation that a correlation exists between 
the value of this ratio and the degree to which tte tern~erature 
dependence of the resistivity ( in the undamaged material) is 
anomalous , with the ratio. in Pa being the smallest , corresponding 
to the near normal behaviour of its resistivity, while the highly 
anomalous resistivity of ~-Pu corresponds to the highest value of 
the ratio:' in the series • 
. The additional resistivity due to build-in damaGe in Pa , «-U 
and~-Np shows tendency to saturate at high levels of damage, and 
the experimental results could be fitted to a si:.gle ex~onential 
term of the form 
I' - /0 = A [1 - exp(...oCt)] 
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where A = fs - fo ' and f' fo and I's are the resisti vi ties at 
time t , initially, and at saturation respectively ; ~ being the 
time constant for the build-in of the defects giving rise to the 
additional resistivity. The situations in ~ and,-pu are much 
more complex • For hoJ.ding time in excess of 6 x 103 hours at 4.2 0 K 
the additional resistivity of~-Pu goes through a maximum ( King 
et al 1965 , Griffin 1968 , Oslen and Elliot 1964 ) The results 
of~-Pu were analysed into three terms given bye Hall and Mortimer 
1971 , Griffin et al 1970 ) 
where the A term corresponds to the degree of anomalous behaviour 
in the resistivity - temperature curve, the A term, which is 
o 
negative , -relates to the small time dependent term seen in the 
10\\1 temperature thermal resis ti vi ty of Q( -Pu , and finally , the 
B term , which is also negative , has a time denendence which is 
controlled by defect saturation • The coefficients A , A and B 
o 
are functions of the purity of the specimen, while the time constants 
are the same in various samples of different purities, 
.J 6 :r3 -2/ 10-3/h ~-O. x 10· /hour ,0<.0'-0.19 x 10 hour ,/",,0.17 x our • 
The results for p-Pu were also fitted to a similar equation having 
only the A and the B term which is positive ( Griffin et al 1970 ) , 
the resistivity increase in p-Pu does not go through a maximum 
with time • 
Earlier work by King et al (1965) indicated that the additional 
resistivity in Pu due to accumulation 6f damage is strongly temper~ture 
dependent • The failure of Matthiesen's rule points to the fact 
that the damage is affecting the "anomalous" scattering mechanism 
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(which causes the anomalous behaviour in the resistivity in the 
undamaged state ) rather than simply acting ~s extra point-tiefect 
scatterers , though the latter effect could well be present • On 
the whole , the effect of damage is to greatly increase the res is-
tivi ty over the undamaged value below"""'50oK , while slir;:11tly decrE' ~.3ing 
it at temperatures greater than 500 K • A heavily daQaged sample 
thus has an essentially temperature independent resistivity. This 
was indeed found to be the case when an «-Fu samDle kent at 4.20 K 
~ ... 
for 8200 hours was warmed up fairly quickly so as to minimise the 
effect of annealing ( of the accumulated defects ) • The results 
showed that up to 119°K , the resistivity remains essentially temp-
erature independent and has the same value as the undamaged material 
at~50oK • A rapid annealing than occurred between 119°K and 1520 K , 
above whic~ the resistivity regained its undamaged values. The 
si tuation in p -Fu is further complicated by the fact that tl:e temp-
erature at which the resistivity maxi~um occurs was stifted to a 
lower value by increasine damage at 4.2oK , and the saturation 
value of the additional resistivity is above that at the maximum of 
the undamaged resistivity curve. 
3.2c Effect of alloying 
Olsen and Elliott(1965) investigated the effect of Neptunium 
addi tion on the temperature dependence of the res:s ti vi ty of 0(. -Pu 
between 4.2oK and 3000 K and found that the resulting additional 
resistivity deviates considerably from Mattheisen's rule • Up to 
of Np J."n solJ.·d solution, the effect is to ~ few atomic percent 
greatly increase the resistivity over the value in pure Fu below 
I ) 
-60oK while only slightly decreasing it above this temperature • 
. h Fu resistivity curve Thus the low temperature decline ln t e pure 
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was completely eliminated by addition of 7 at.~ Np • It was also 
. , 
found that the resistivity of these alloys 0 
at_4.2 K increases with 
Np content at first , then passes through a nnax~mum t 7 % ~ a IV at.!J ;;p 
this compares well with the self-irradiation damage results where 
the additional resistivity due to damage passes through a maximum 
at""7000 hours of damage at 4.20 K • Later work by Griffin(1968) 
on the effect of Np addition on the self-irradiation dependence 
of the resistivity clearly indicated that the changes induced by 
the two processes are closely related , with 1 at.% Np addition 
approximately equivalent to 1000 hours of damage at 4.20 K up to 
high levels of damage and high Np concentration • Hall and Purser(197~) 
extended the work to p -Pu • Here tree rapid decline in the resisti vi ty 
of the pure metal below"" 200 K is suppressed by a smaller concentration 
of Np ,,v 2. at .:% , compared to;v 7 at .:% for 0< -Pu • This again is 
in accord with the self-irradiation damage measurements where the 
low temperature decline in the resistivity of the undamaged sample 
was eliminated after about 2000 hours of damage at 4.2oK • The 
o 
resistivi ty of the p -Pu alloys measured at 4.2 K , however, contrary 
to that of~-Fu alloys which increases with Np content and reaches 
a maximum at-7 at.% Np , does not go through a maximum witt increasin~ 
Np con ten t : it rises rapidly wi th Np addi tion up to I"-' 2 at .. % lip 
concentration and then increases more slowly above this concentration , 
again reflecting the apparent link with the self-irradiation damage 
r,--,'~~~~ 
results • 
. . . . t"t f Uranium 
.The effect of Pluton1um add1t10n on the reS1S 1V1 Y 0 
has also been investigated (Mortimer 1972 ) • It was again found 
f Mat thiesen's rule, that the additional resistivity deviates rom 
. . tem:cera t ures • Thus 
with its magnitude decreasing with lncreaslng -
. h t~ effect of increasing the addi tion of 5f electrons to Uran1 urn as .. e 
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the curvature of the resistivity-temperature curve and J..t' 
causine 
to tend: towards that of Neptunium , although the curvature is still 
much smaller • 
3.2d Effect of Pressure 
Resistivity measurements on~-Uranium at varJ.·ous pressures 
up to 40.7 Kbars (Mortimer 1972 ) form a regular progression 
, an 
increase in pressure produces a reduction in the resistivity as 
expected in· the case of a normal metal • The curvature in the 
resistivity-temperature curve , however, remains, and appears 
to be hardly altered by the increase in pressure, ,.contrary to the 
effect of Pu addition. 
Measurements on~-Pu were carried out at pressures u~ to 13.1 Kbars 
(Mortimer 1972 ) and the results are shown in figure 3.2 • The 
difference in the low te~perature behaviour of the 13.1 Kbar resistivity 
is due to the presence of considerable strain introduced during 
the compression process and is not an intrinsic effect of the pressure • 
After correcting for the effect of strain, the results represented 
by the curves again fall in a progression • It is immediately apparent 
from figure 3.2 that the negative temperature coefficient above 
the resistivity maximum in~-Pu is progressively r.educed in magnitude 
by increasing pressure , whereas the low temperature decline remains 
relatively unchanged • There is also no change in the residual 
resistivity with pressure. This again is in contrast with the results 
produced by Np additions where the affected regions of the resistivity-
temperature curve are reversed • 
3.2e Concluding remarks 
It appears from the experimental results reviewed that the 
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resistivity-temperature curve of ~u can be divided into two regicns 
in its responGe to various external parameters. In the: teu;erature 
region above the resistivity maximum, the resistivity is highly 
sensitive to pressure variation while relatively insensitive ( or, 
in the case of an applied magnetic field , has normal ) t response 0 
Np additions , self-irradiation damage, and external magnetic field. 
However , below the maximum, the resistivity is rather insensitive 
to pressure, yet changes 'dramatically with all the other parameters. 
This seems to point to two totally different scattering mechanisms 
being operative in Pu : one in the low temperature region below 
2 the resistivity maximum, responsible for the T dependence below 
about 150 K and th& rapid rise with increasing temperature the 
second mechanism is operative (or predominant ) in the temperature 
region above the resistivity maximum, responsible for the negative 
slope in the resistivity-temperature curve. Unfortunately, there 
is insufficient data to Dermit a comnarison with the other Actinides 
however , if one could associate the increasing curvature in the 
resistivi~y-temperature curves from Th to Np with the same mechanism 
that operates in Pu below the temperature of the resistivity maximum, 
our conclusion then ties in with the pressure measurements on U 
where the curvature in the resistivity-temperature curve is also 
unaffected by pressure application • 
3.3 Thermal Conductivity 
The thermal conductivity measurements across the Actinide 
" 3 3 a gradual decrease in magnitude series are shown in flgure • , 
number l" s eVl" den t , wi th t ;le value for Pu with increasing atomic 
far for any Pure metal • Lattice conduction the lowest reported so 
the Actl"nides (Hall and Lee 1970 ) plays an important role in 
lattl"ce component forms a sienificant especially in Pu where the 
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fractl"on of the whole o~l"n~ to th 1-1 1 woe sma - va ue of the total con-
ductivity • In an. ordinary metal, lattice conduction forms only 
a small p~rt of the whole , this is because at high temperatures , 
the phonons are scattered by thermal vibrations of the lattice 
and at low temperatures , by the conduction electrons ; t;;us in a 
normal metal, the thermal conductivity is largely electronic in 
nature , and tends to a constant value at high temperatures • This 
behaviour is still qualitatively followed by Thorium and to some 
extent by Uranium. However , beginning with Uranium, there is 
an increasing tendency for the higher temperature thermal conductivity 
(above _40oK ) to rise with increasing temperature. This appears 
to be a reflectiort of the increasingly negative curvature in the 
resistivity-temperature curves of the Actinides, the effect of 
which at low temperatures is being masked by the size of the lattice 
component • 
3.4 Lorenz number 
The Lorenz ratio L = KpT- 1 relates the electrical resistivity 
to tte electronic thermal conductivity K of a metal. The values 
of L derived using the measured values of the thermal conductivity 
for Thorium, Uranium and Plutonium are as follows : 
(1) Thorium 
-8 2 -2 
L starts with the free electron value of Lo=2.45 x10 V K 
o 1 . 
at low temperatures , goes through a minimum at 15 K and t _en rIses 
f 3 10-8V2K-2. Thl-S behaviour resembles a norrn~l to a high value 0 x 
of a metal , the high value of L was attributed to the presence 
significant lattice component in the thermal conductivity( Schettlp~ 
et al 1969 ). 
(2) Uranium L starts with a value 
5.3 x 
-I) ? -2 50" 
of 3.9 x 10 vV-K at ~, 
10-8v2K- 2 at 15°K and then 
rising to a sharp maximum of 
3 .2-3.5 x 10-
8v2K- 2 falls to a sensibly constant level of between 
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o 
over the range 25-100 K( Hall and Lee 1970 ) • 
(3) Plutonium : L . f 0;) 2 r1ses rom a value of 3.4 x 10-('~.1-;':- cO 
a at 0 K to 
a high maximum of 8 -8 2 -2 0 x 10 V K at 50 K ~nd then d 
- ecreases ~r~du~2ly 
to 5.7 x 10-8V2 K- 2 at 1000 K ( Hall and Lee 1970 ) • 
These figures above appear to indicate a highly anomalous 
behaviour of the Lorenz number • However , Hall and Lee(1970) , 
citing the fact that in~self-irradiation damage experiments, the 
thermal resistivity of Plutonium changes comparatively little with 
time and that the changes are of the same order through6ut the 
entire temperature range( unlike the case of the electrical resistivity 
where below 50oK"the additional resistivitY~f due to damage is 
very temperature dependent , Ap ""'.0 at 500 K ) , they argued that 
the electrqnic thermal conductivity in Plutonium is a relatively 
smooth function of temperature , resulting in a Lorenz number that 
begins with a value below L ,and increases steadily with te~perature 
o 
to Lo at about the Debye temperature • This behaviour of L resemble3 
that of a normal metal , therefore they extended their arguments to 
other actinides and concluded that the Lorenz number behaves normally 
in the Actinides , and that the observed anomalous vnlu2s are a 
result of the lattice component increasing across the series and 
the anomalous electrical resistivity. 
3.5 Specific heat 
All the known data derived from the specific heat measuremer.ts 
1"n f1'gure 3.4 • This figure is taken on the Actinides are summarised 
from a review article by Lee et al(1970) and the numbers in the 
diagram refer to the references in that article • There is a marked 
F d the room temp-increase in C across the series from Th to u, an p 
erature values are as plotted • This increase can be adequately 
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accounted for by a similar increase in the dilation ter~ (C _ C j 
P \' 
and In increase in the electronic specl'fl'C he~t ~ 
- coefficie:--tt Q • 
The Debye temr:erature , ho ' \.rever , Sr;Ol!S no siGn of fo~lo\:i>l'- ;-,-" 
.. 0 .... -~ • .: 
particular trend across the serieG • The incre~se in dil~tion ter~ 
reflects the increase in the volume thermal expansion coefficient 
across the series while the increase in the electronic 0' reflects 
an increase in the density of states at the Fermi surface of the 
system. The value of density of states derived from values of 
shall be listed in Table 3.2 together with the values derived from 
magne'tic susceptibility measurements on these metals so that a 
comparison can be made • 
A small anomaly is present in the specific he:.::. t curve of Urani ,:c 
at 43°K related to the ~- 0( phase transi tion (Lee et al 1969) • 
o 
A similar anomaly in Pu239 at 600 K was also renorted in the same 
howev2r later measurements on Fu242(Sa~denaw 1972 ) :1 J. ve 
failed to confirm this finding • 
3.6 Magnetic susceptibility 
The magnetic susceptibility of the Actinides &galn shows a 
progression across the series • Results reported by Brodsky and 
Co-workers( Brodsky 1971 ) are shown in figure 3.5 • Measure~ent~ 
on Pa (not included in the figure ) have also been carried out 
(Bansal 1966) and the results fit in well with the ;ro~·ression 
h · b' t' t\ same general beh:wiour • across the Actinide series , ex 1 1 lng~e 
h ~ t' . d s from r;n onwards , The magnetic susceptibilities of t e nC 1n1 e, 1 
are high, and vary little with tem~erature , including th,t of 
non-magnet1'c nature of the ;ctin~d~ Fa and U , an indication of the 
. th Am data is a conset; uen (:e 
metals • The upturn at low temperatures 1n e 
the sample(Brodsky 1971) • There has long been of Np impurities in 
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the contention of a small magnetic moment pr~sent in Fu , however 
numerous experiments (Hossbauer effect , r;eutroL diffr:::cticr, , 
"Nuclear magnetic resonance) have failed to confirm the ~resence 
of any moment on the ~u atom. Furthermore, differential susce~tibility 
measurements by Arko and Erodsky(1970) on single crystal ~-Fu h:::ve 
set an upper limit of a net moment to be 0.01 PB rer Fu atom. 
In simple theory , the magnetic susceptibility of a paramagnet 
is proportional to the density of states at the Fermi surface at 
zerq temperature. Thus a large suscertibility indicates a hiGh 
density of states ; the values derived from susceptibility measurements 
and those derived from the electronic r have been evaluated by 
Jullien et al (1972) and shown in Table 3.2 , where the former are 
clearly several order of magnitude higher th~n the latte~ , indicating 
the presence of some enhancement effect present in the magnetic 
susceptibility, originating from some interaction between the electrons. 
element 
Th 
Pa 
u 
Np 
Pu 
Am 
Table 3.2 
density of states 
(from specific heat) 
1 per ev atom 
2 
3 
3 
density of states 
(from susce?tibility) 
4.1 
5.8 
8.6 
8.1 
10.3 
Thus a theory that seeks to explain the physical rro~erties 
for this enhancement effect , which of the Actinides must provide 
" and is yrobably the underlying 
increases across the Actinide ser~es ~ 
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cause for the increasing electrical and thermal resistivities 
with atomic number • The Spin Fluctuation model , ~~ic~ T,redicts 
? 
an exchange enhanced magnetic susceptibility , a T- de~endence 
in the electrical resistivity at low temperatures and a reduced 
Lorenz number , appears to have considerable &6vantage over tl~e 
previous theories (which are more or less centered on the anom~lous 
electrical resistivity of Fu) in providing a unified picture for 
the Actinides , though at present , the Spin Fluctuation model 
is only applicable at low temperatures , and a lot of questions 
concerning the higher temperature region , particularly the electric3l 
resistivity of Fu , remain unanswered • Both recent suggestions , 
outlined 1n chapt~r 5 , and previous theories may provide some 
answers • In the following chapter , the previous theories will 
be reviewed and discussed in some detail • 
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Chapter 4 
Physical properties of the Actinides Theoretical situ3tion 
4.1 Introduction 
Theoretical attempts at explaining the physical pro~erties 
of the Actinides have been centered on the resistivity of lu • Up 
to~1970 , the unusual temperature dependence of the [u resistivity 
have been attributed to either irrterband scattering effects similar 
to those discussed by Mott and Jones(1936) for the transition metals 
or to some magnetic transition occurring around 600 K , neither 
being wholly satisfactory and will be discussed in more details 
below • Numerous band structure calculations have also been performed 
in an attempt to gain insight into the electronic distribution 
in these metals , as well as to provide a basis for theoretical 
calculations • However , due to the complicated crystal structures 
of the low temperature ~hases in the early Actinides , existin~ 
calculations are limited to those on the high temperature ~hases • 
A general framework has now emerged from all these calculati~ns 
though the band picture of these metals to date is by no me~n3 
a complete one • We shall now discuss in some details the band 
structures of the Actinides • 
4.2 Band Structure 
The Actinides in the atomic state are typified by the gradu~l 
filling of the 5f electronic shell outside a radon core with 86 
electrons , and have two to four valence electrons in the 6d and 
7s states • The first two elements in the series , ~ctinium and 
6d17s2 and 6d27s
2
, 
Thorium , having respectively the configuration 
resemble most closely to transition metals with a rartially filled 
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6d shell • In the metallic state , there " ~ lS a rronounced td cLar:J.cter 
at the Fermi surface and a r;egligible 5f character (Kmetko o.nd ;:i11 
1970 and references therein ) • Thus these two Actinides are for 
all practical purposes "transi tion-like" , and can be described 
by the same s-d model utilized for the transition metals (~ott and 
Jones 1936) • The population of 5f states begins in Ia the next 
element along the series , and due to the considerable radial extent 
of the 5f orbitals , in the metallic state, the itinerant nature 
of these electrons causes them to hybridize strongly with the 6d 
and 7s bands • Thus in Pa and the several elements following , the 
Fermi surface has a marked hybridized 5f character , the hybridized 
bandwidth having a value compatible with the 3d-band in the first 
transition series • The amount of overlap of 5f wave functions 
between nei~hbouring atomic sites is still arrreciable as far into 
the series as Bk , however , in Am and the elements beyond , the 
5f band has become sufficiently narrow to re3e~ble tte situation 
in the rare earths where the narrowness of the 4f band is responsible 
for the magnetic behaviour in many of these metals. This transition 
across the Actinide series from "transition-like" behaviour to 
"rare earth-like" behaviour is also reflected in the crystal structures 
of these metals , summarised in figure 4.1 • Actinium and Thorium, 
having negligible 5f character in their energy bands , assume crystal 
structures favoured by the transition metals , while A~ and the 
elements beyond assume close-packed structures favoured by the 
th H ;n the l"ntermediate elements, fa , U , rare ear s. owever,. 
Np , and Fu where the 5f as well as the 6d and 7s electrons ~articir~te 
" I t are complex and nei ther In the bonding , the crysta struc ures -
"transition-like" nor "rare earth-like" • The elements U , Np and 
Pu have several crystallographic ~hases , in particular , 
six, pointing to the complex situation in these metals • 
1- u tas 
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Results of the calculations by Kmetko and Hill (1970) er.n:lO::i!.-
the augmented plane wave method carried out on the hitt tempera:ure 
Phases of the Actinides are shown in table 4.1 • They· d· t lL :..ca e 
the general behaviour described above, with the width of the tybridized 
f band increasing with atomic number in the first instance , reach~~~ 
a maximum value of ~ 3· ev in Uranium • then decreases steadily to 
a value of~0.6 ev in Curium • The value of 3 ev in Uranium compares 
well to the width of the 3d band of,-v 3.5 ev in Nickel , while. the 
value of ",0.6 ev in Am is the same as the width of the 4f band 
in Y~Ce , an early rare earth metal • The number of s-electrons 
per atom is small compared to both d and f-electrons from Pa throubt 
the series to Am ,·suggesting that conduction processes in these 
metals are carried out mainly by the 6d electrons • 
element 
Ac 
Th 
"p-Pa" 
t-u 
t-Np 
E--Pu 
~Am 
t-Cm 
Table 4.1 
"f"-band\iid th 
2.7ev 
3.0ev 
1.3ev 
1.3ev 
0.6ev 
0.6ev 
number of f-electrons 
per atom 
0.2 
0.5 
2.6 
3.7 
5.3 
6.6 
7.6 
8.6 
(N.B. "p-Palt is a hypothetical high temperature phase for f-a) 
The results of the calculation also show that the number 
the series and 
of 5f electrons per atom increases steadily across 
t· of energy shows a 
that the density of states in J-U as a fune 10n 
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double-peak in the vicinity of the Fermi energy E' F ' 2.3 a result 
of the hybridized f-band • The general features of the density of 
states curve of ~-U are also present in all the metals from Fa 
to Pu in the Actinide series 1.' 
, .e. a narrow double-peaked rybridized 
band of mainly 5f nature overlapping a broad band of 6d-7& ch~r~cter . 
and a high density of states at the Fermi surface • 
The results of this and various other calculations(Koelling 
et al 1970 , Ridley 1958 , Lehman 1959,1960 ) are in qualitative 
agreement and confirm the intuitive deduction of Friedel(1956,1958) 
summarised in the first paragraph of this section • More recently 
Julien et al (1972). expanded on the ideas of Friedel , and by em-
ploying the Anderson formalism(Anderson 1961) , accounted for the 
"delay" of magnetism in the Actinides until Curium and eleme:r.ts 
beyond by the inclusion of a phenomenological f-d hybridization 
term in the Hamiltonian of the system. With a suitable choice of 
parameters , Julien et al were able to reconcile their theoretical 
predictions with the band calculation results of Kmetko and ~:ill(1970) 
on the hybridized f-bandwith , as well as the value of the der.sity 
of states at the Fermi surface deduced from s~ecific heat measurements • 
Unfortunately , it is not clear what the transport and other phy3ic~1 
properties would be in such a model, and its applicability is 
rather limited. 
4.3 Interband Scattering model 
The interband scattering mechanism was originally ~rorosed 
by Mott(1936) and later refined by Wilson(1938) to account for 
l' n the trans i t ion me t 31s • Smo lue ::,::-,;:.::.~ (: i the high electrical resistivity 
of thl'S model to explain the observed (1962) extended the application 
• Mot t suggested that con5ider~·b10 resistivity behaviour in Plutonium 
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additional resistivity can be caused by interband scatterin[s media~ed 
by phonons or impurities(whereby , in the c~se of tr3~Gi~ion metals 
"an electron in the conduction band gets scattered into the narrow 
non-conducting d-band and hence giving rise to considerable resist:vity) 
in a metal where there is a large difference in the effective maGS 
or in the density of states at the Fermi level p in two or more 
bands • This condi tion is ,best satisfied in systems which have 
one (or more ) narrow band which has electrons of high effective 
mass, and a broad conduction band containing free electrons with 
nor~al electronic mass .For a simplified system consisting of two 
such bands , the temnerature dependence of the Fermi level is given by 
(4.1 ) 
for T«TF ' where EF = kBTF is the Fermi energy at T = OOK ; D is 
the density of states function of the system. This temperature 
dependence then leads to the following variation of the resistivity 
with temperature at not too low temperatures , 
_ -r (k T)2[-~ d2 D + 3(} d~ ,2] 1 ~ B D dE2 \D dE} E 
F 
(4.2) 
where P(EF,T) i~ the resistivity tte system would have if the narrow 
band were also broad and is a linear function of temperature • On 
differentiating (4.a) with respect to temperature , it can be stown 
11 uare brackets has a that if the expression within the sma er sq 
2 6 )-2 th the resistivity is 
value between 2(rrk
B
T)- and (~kBT , en 
" "negative. ~hus dependinc 
positive while its temperature derivat~ve ~s 
states curve at the Fermi level , on the shape of the density of 
, to a resistivity 
the interband scattering mechanism could give rlse 
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that decreases with incre~sinR tc¥p t 
,_ ..:11. era ure Smoluc'!--'o" -.1.' 
• " ,',or.l G U[~'ges t ed 
that this could be responsible for the ner:'~,tl'VP 
. - - s10pe in tlle ~ u 
'resistivity in the temperature region above thp ~ resistivity maximu~ • 
Citing that the measured value of the b I a so ute ther~oelectric ~c~er 
of Pu is positive (Lee and Ball 1959 ), d an employing the a~proxi-
mation derived by Friedel(1956) relating the slope of the density 
of states curve to the absolute thermoelectric power S , 
he concluded that dD/dE is also ~ositive in Fu • However, the value 
of S is too small to account for the observed resistivity decrease 
above the maximum , thus the value of(1/D)d2D/dE2 in Pu had to be 
large and negative. This condition is readily satisfied in the 
kind of density of states curve proposed by Friedel(1956) for tJranium 
and by Lee and Hall(1959) for Pu • Thus ernployin~ ~ double-peaked 
density of st,:.;,'c;es curve for trle nurro','; f-b:::.r~d of L,Q o:,dcr 0: t':IO 
to three tenths of an electron volt wide , Smoluchowski was able 
to reconcile the theoretical value with the experi~entally observed 
value of (1/p)dp!dT in o<.-Fu as well as the value of the density 
of states at the Fermi surface deduced from s~eci~ic teat ~e3sure~e~ts • 
The main arguments against the validity of t~is model in Fu have 
been that similar resistivity behaviour is also present in otLer 
allotropic phases of ru as well as dilute alloys of the 6- phase , 
thus a very similar density of states curve would be required for 
all these different phases of Pu for this model to be valid ; however 
in view of the highly different crystal structures assumed by the~e 
phases , this requirement was considered to be unlikely to be met 
(Arko et al 1972) • However , band structure calculations by K~etko 
and Hill(1970) have indicated that a similar density of s~~te~ 
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curve holds for all the Actinides from fa through to Pu wit;] th2 
pharacteristic double-peaked narrow band overlapping a broad one 
while the relative positions of the two bands as well as t~e Fermi 
level vary slightly from element to element • It seems reasonable 
then to expect that this is also the case in the different phases 
of Pu • Due to the different positions occupied by the Fermi level 
(caused by the difference in the number of 5f electrons per ev per 
atom in the phases ) , the value ~f the expression in the smaller 
square brackets of equation (4.2) varies in the different phases 
of Pu , giving rise to differing values of dp/dT • Employing the 
Same characteristic band structure , Smoluchowski was also able to 
reconcile the theory with the observed values of (1/p)~/dT in 
stabilised dilute ~-Fu alloys. Thus this model, despite its simple 
nature , provides a satisfactory explanation for the negative res is-
tivity slope in Pu • 
The low temperature behaviour , however , was less satisfactorily 
explained , and the expected temperature de~endence could not be 
observed experimentally • Wilson(1938) has pointed out that the 
interband scattering is limited by the selection rule 
k - k' ! ~ = 0 (4.4) 
where k is the wave vector of the electron in the initial state 
and k' that in the final state , ~ being the wave vector of the 
phonon that mediates the transition of the electron from its initial 
state to its final state. However, for an electron to undergo 
broad band( band 1 say) to a narrow an interband transition from a 
band (band 2) , in its initial st~te it must have Ikl = k 1 , ~nd in 
its final state Ik'i = k2 ' where k1 and k2 are the respective 
t f the two bands • Since in general k1 ~ k2 ' Fermi wave vec ors or 
- 82 -
(4.4) then imposes a considerable restriction on the nu::!ber of 
possible transitions. A minimum value of Iq\ i"V /'K1 - k 2
1 
_ 1::: thus 
required to effect an interband transition • At high te~reratures , 
all the lattice vibrations are thermally excited and therefore 
interband transitions are frequent • However , at low teDperatures 
only long wavelength phonons (i.e. small q) are thermally excited, 
and most of the interband transitions are forbidden , thus one 
exp'ects a rather rapid drop in the resistivity in the temperature 
region around 9' where k 8' = -ftw(q . ) B mJ.n a . - I k1 - k 2 , , and (..c) , 'mJ.n 
is the phonon frequency , a function of q • At 10\V' temperatures 
such that T«8' and for 8'«8n the Debye temperature, Wilson has 
shown that the probability of interband transitions approaches 
zero as exp(-e'/T) • Smoluchowski estimated a value of S' = 55°K 
for ~-Pu arid commented that in Fu , if it were not for tLe phonon-
cut-off at low temperatures, the residual resistivity would be 
comp~rable to the value at the m~ximum of the resistivity-tc~re~~tu~c 
curve • However , this exponential dependence was deliberately 
sought for but failed to be found (Wi~ley 1963) • Thus eitter this 
model is not appropriate for I~U , or , additional mechanisms become 
operative at low temperatures giving rise to a resistivity whose 
stronger temperature dependence and larger magnitude have the effect 
of masking the relatively slow temperature variation of the exponen~ial 
term due to interband scatterings • The Spin Fluctuation. model, 
while not conflicting with the assumptions in the interband scatteri~G 
2 
model at high temperatures, gives rise to a T term in the resistivity 
at low temperatures. The interband model, tOGether with the Spin 
Fluctuation model could provide a satisfactory explanation for 
the resistivity beh~viour in Pu • 
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4.4 Magnetic rOrdering 
The similarity of the ~lutonium resistivity-temperature curve 
to that of 0{ -J<anganese which is known to be antiferromagnetic has 
led Lee , Meaden and Mendelssohn(1960) to suggest that fu m~y be 
antiferromagnetic at low temperatures ; the low temper~ture decline 
in the resistivity curve being indicative of the onset of lor.r' 
'-' 
range orderings of magnetic moments , while the negative slope 
above the resistivity maximum is due to the presence of short ranGe 
magnetic order. Later measurements on the magnetoresistivity by 
Brodsky(1967) (the values of &p/po being negative at low temperatures 
and low fields) , and the specific heat peak at 600 K reported by 
Lee et al(1969) provide further support to this hypothesis. Rocher 
and Friedel(1961) pursued this idea further and interpreted ttis 
magnetic o~der-disorder transition in the de Gennes-Friedel formali~~ 
employed for the description of magnetic behaviour in the rare earth 
rnetals(de Gennes and Friedel 1953) a3suming th~t the 5~ electro&s 
in Fu can be treated in the same way as the localized 4f electrons 
in the rare earths. Within this framework, the resistivity due to 
the scatterings of conduction electrons by disordered localised 
spins , in the vicinity of the transition , is given by 
h . tl presence of comLlete spin disorder , were b is the resistivity 1n 1e ~ 
'mo 
+ ' equa
l to zero above the transition is the long range order parameter 
T it is a function of temperature ; temperature Tc ' while below c' 
k . wave vector and D is the distance between neighbouring F is the Ferm1 
magnetic ions ; f(kFD) is the oscillating function Given by 
- 84 -
At T = Tc ' the resistivity in this model is given by 
while in the temperature region immediately above the tror:si tiOl1 
this model predicts a resistivity that decreases with increasing 
temperature as the reciprocal of the temrerature 
P (T > T ) = (1 + f (kFD) T IT) .0 m c c I mo 
This temperature dependence of p above T is due to the presence 
m c 
of short range order of the magnetic moments • 
Rocher and Friedel(1961) also calculated the expected chan~e 
('+.6) 
of slope in tte thermoelectric power S at the transition te~rerature 
H'_is iE given by 
(4.8) 
where PA is the resistivity due to scatteri~g by impurities , P
mo 
and fA both assumed to be very much larger than the resistivity 
due to scatterings by phonons ; e is the electronic charge • A 
o 
change of slope in the thermoelectric power of ?u at 65 K has been 
reported by Lallement(1962 , 1965) • Eowever , the validity of 
equation (4.8) in the case of Pu is questionable , as the formula 
relating the thermoelectric power to the reisitivity due to Eott 
and Jones(1936) 
2 2 
if kBT ~lo 
S = 3 leI ~ 
employed in the calculation , is strictly valid only for tem;eratures 
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above the Debye temperature which for Fu 1'S b t ~6oo a ou ,I Ie, \·;l:ile 
the' transi tion' temperature is ",6001~ • 
The absence of confirming evidence of a magnetic transiticn 
from both magnetic susceptibility measurements and neutron diffraction 
experiments was attributed to the smallness of the moment that 
lies beyond the limit of detection. To reconcile the assumption 
of the existence of small moments with the high value of p in 
mo 
Pu , Rocher(1962) proposed that the 5f electrons in Fu occupy two 
virtual bound levels( Friedel 1962) of a fraction of an electron 
volt wide , each capable of holding seven electrons of one sr in 
direction. These .virtual bound levels are split in energy by the 
exchange interaction between the up and down spin electrons , the 
splitting being very much less than the width of the levels, and 
the difference in the numbers of the up and down spin f-electrons 
occupying these two virtual bound levels gives rise to a small 
localised moment at each atomic site • The resistivity due to spin 
disorder scattering in Rocher's model is then given by 
f mo 
where St and ~~ are phase shifts at the Fermi level resultinb from 
the coupling of the conduction electrons to the 5f electrons and 
are related to the number of UP and down spin 5f electrons by 
h number of 5f electrons in the where n~ and n~ are respectively t e 
Z is the number of conduction 
up and down spin virtual bound level 
electrons • Thus this model 
disordered spins scattering 
predicts a large resistivity due to 
for a small magnetic moment , (4.9) 
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also predicts a large P in the lim·t f .. 
mo 1 0 van1s1an7, r.;::1;--netic :.iOmeIC t 
~t - n~ = 0 , which appears unlikely to be true in practice • 
4.5 Concluding Remarks 
Despite the attractiveness of the magnetic ordering model, 
its application to Iu has suffered various setbacks • Besides tte 
~l.e. 
fact that the temperature dependence of Pm above the assumed Jltra~sition" 
temperature predicted by equation(4.7) was not observed experiment&lly 
as pointed by Lallement(1963) , it is difficult to understand in 
this model why the negative slope in the resistivity curve persists 
Over such a long temperature range , goes through two phase transitions 
and is still present in the ¥-phase at high temperatures • Ferhar's 
the soundest reason for rejecting the hypothesis of magnetic orderir!g 
in Pu is the negative results presented by neutron diffraction and 
various other experiments carried out to detect the prese~ce of 
magnetic moment on Pu atoms as mentioned in the Introduction of 
this thesis. However, the high density of sta:es at the Fermi 
surface of the Actinide metals as revealed by both the s~eci:ic 
heat and magnetic susceptibility measurements, as well as t::e 
negative magnetoresistivity reported by Brodsky(1967) for ~u , 
seem to favour the presence of some magnetic effect in ttese Qetals • 
The interband scattering model , which account well for the negative 
1 . th T f F and the progressively hiucher resis-s ope 1n e p- curve 0 u, 
tivity across the Actinide series, and which probably contributes 
to both effects , fails to account for tLe 10Vl temperature resistivity 
behaviour. Also if the variation of the Fermi level with temperature 
·bl for the negative slope in the high temp-were entirely respons1 e 
1· n 1:u , then we would expect a similar te~.:! erature erature p-T curve r 
dependence in the magnetic susceptibility to be preser.t , this, 
however is not observed. The Spin Fluctuation model , the aJ:'rlicatio:: 
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of which to the /.ctiriides \Jill be discussed in t:-.e follo\..-iEg cl~J.~ ter 
while not in conflict with the assumptions of the inter~and model, 
thus ap}~:ears to provide a plausible alternative to tLe descri~:.ion of 
the low temperature rroperties of these metals • 
-~ 
-
" '-
::J 
.. 
o 
L 
" a. E 
" .... 
2000 
1800 
1600 
. 
u ~ cX=orthorhombic {3=t~tragona' 
Np: 0(= /3= 
Pu: 0( = monoe Ii n'ie (::J = B. C. monoclinic 
cr = orthorhombic 
~ d - orbito f behavfour 
p~~~ CJ d- f hybrid 
E2ZJ 1- orbita' .. '6 - - - - . -- -
01.1 ~r: 
Ac Th Po U Np Pu Am 
FIG. 4.1 PHASE TRANSIT!ONS AND CRYSTAL STRUCTURES 
OF THE HEAVY ELEMENTS. 
00 
00 
- 89 -
Chapter 5 
The Spin Fluctuation model : Anplication to the Actinides 
5. 1 Magnetoresistivity: application to Plutonium 
The negative magnetoresistivity in Pu had been taken as the 
strongest evidence for magnetic ordering at low temperatures in 
this metal • However , as we ha~e seen in Chapter 2 , the exist-
ence of Spin Fluctuations in the system also leads to a negative 
magnetoresistivity at low fields the magnitude of which (at a 
fixed field value) decreases with increasing temperature, in 
qualitative agre~ment with the experimental results obtained by 
Brodsky (1967) , summarised in Chapter 3 • To a first approximation , 
physically , the effect of an externally applied magnetic field L 
of magnitude such that Ihl« kBT , where A is as defined in equation 
(2.50), can be viewed as partially sUfprEEsing the spin-flip sc~tt-
ering processes that_occur via:paramagnons (which contribute sign-
ificantly to the electrical resistivity of the system at zero 
magnetic field) , and thus resulting in a reduction in the resistivity 
of the system • If we consider a scattering process in which a 
down spin conduction eletron with initial energy E_ ' on being 
scattered by a paramagnon , flifS its spin and emerges with final 
energy E' in the spin up state; in the presence of a magnetic 
+ 
field, a minimum energy difference (between E_ and E~) of ~I is 
required for this transition from E to E' of the conduction electron + 
to occur via a paramagnon ,IAI corresponds to the energy of a 
zero wave vector (q = 0) paramagnon of spin one in the presence 
of a magnetic field. However, since only electrons initially 
/ of the Ferml.
" surface are able to take part in the 
within !kBT 2 
t of the conduction electrons transport processes , the final sta es 
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will then have energies less than the Fermi eLergy by at least 
16/ - kB T/2 and at mos t by ~I + kB T/2 • 'The latter is no t allo\>/ed 
by the Exclusion Principle for any value of 6 • But since the 
magnetic field is applied in the ~ositive direction, more trar.sitio~s 
will be of the type E ':'-7E ~ rather than the reverse which is alloweci 
by the Exclusion frinciple • Hence the scatterings via S~ir. Fluct-
uations are effectively quenched , leading to a decrease in the 
resistivity • If the spin-flip scatterings via the Spin Fluctuations 
were the dominant mechanism contributing to the resistivity ~n 
zero magnetic field , then any reduction in the resisti vi ty resul ti~lb 
from low values of applied magnetic field could be to a good appro-
ximation attributed entirely to the partial quenching out of the 
spin-flip scatterings via paramagnons • It is possible , however , 
for spin wave type collective excitations to exist within the 
energy gap A • But for small values of applied magnetic field , 
and hence small ~ , these excitations only constitute a small 
portion of the phase space and we can ignore their contribution 
to the resistivity compared to the resistivity decrease due to 
the "quenching out" of the spin-flip sc.atterings • 
From equations (2.50) and (2.79) , we have 6 and the magneto-
resistivity 6p/po in the Spin Fluctuation model given by 
. t "X,(T) the static magnetic suscept-where PB is the Bohr magne on , . 
t T) g the Lande g-factor for the ibility( function of tempera ure , 
calculat ;on , we have , for convenience , f-electrons • In our ~ 
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assumed a simple system consisting of a broad conductin~ s ~~nd 
and a narrow , non-conducting f band • This of course is not t~0 
exact si tuation in the Actinides , as band calculations h,n'e s;,o';,n 
the conduction band is mainly s-d in nature, with ;ossibly some 
f character due to the hybridization of +he f band Wl"t'l' th d 
" '" e ·s~ an 
the d bands • However , we believe that our simplifications have 
not altered the results too significantly, as our expression for 
bf/Po ' as shown in equation (5.?) , is dependent on A , which 
is a function of the susceptibility ~ , and the intraatomic inter-
action strength U only, both being intrinsic properties of the 
o 
5f band (in the Spin Fluctuation model , it is assumed that the 
contribution to ~ from the narrow 5f band dominates over all other 
contributions, due to the high density of states and tLe excL~lng€ 
enhancement effect in the 5f band) and the parameters of the COD-
duction band are not involved. At low temperatures such tha: T« ':'3F 
where TS? is the characteristic Spin 
~T) is given by equation (2.88) 
?luctua-::.ic:-. te:r.::e::'3.ture 
where D(t) is the density of states of the f-electrons at the 
r 
Fermi surface. Substituting (5.3) into equation (5.1) , we have 
(5. 4) 
( )-1 f 
E 1 " th value of the enhancement factor (1 - UoD ef 0 mp 0Ylng e 
~ 2 estimated by Arko et al(1972) for Fu and further assuminG , 
can be taken to be the same that the g-factor of the f-electrons 
as that of the free electrons i.e. 2 we have for Pu , , 
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for T <<. TSF 
and 
(5.6) 
In figure (5.1) , we have plotted the prediction of equation(5.6) 
for small values of temperatures.and for field strengths up to 
5 kilogauss • The experimental data available are too sparse to 
permit a detailed comparison with the theory and hence have not 
been included in the graphs • However a few values of bp/po can 
be drawn from the results of Brodsky(1967) for~-Pu ; at 5 0 K , the 
values at 0.5 kilogauss, 1 kilogauss and 1.5 kilogauss are resp-
ectively ~O.3 x 1~-3 , -0.5 x 10- 3 and -0.65 x 10-3 ; these values 
compare with the corresponding theoretical values of -0.3 x 10-3 , 
-0.94 x 10-3 and -2.0 x 10- 3 • It can be seen that while the values 
at 0.5 kilogauss and 1 kilogauss show reasonable agreement , the 
theoretical value at 1.5 kilogauss is far larger tLa.n the value 
observed experimentally • In general , at higher fields , our t~eory 
predicts a variation of Sp/po with H that is far too rapid. This 
is perhaps not surprising in view of the crude nature of our ar~ro-
ximations and the fact that our calculation is only valid for 
~/« kBT • Also in applying our tteoretical results to Pu we have 
assumed that the experimentally observed magnetoresistivity is due 
$ntirely to the presence of the Spin Fluctuations in the system • 
This can: be expected to be a valid assumption at low fields for 
reasons discussed earlier on • However , as the field increases , 
the situation becomes complex and extends beyond the validity of 
our calculation. As mentioned previously, there is the possibility 
of spin wave type excitations being present. These excitations 
-93 -
become increasingly important as the field increases , and 
.would act as extra scattering mechanism for the conduction electrons 
and tend to increase the resistivity. Thl·S . lncrease would then 
partly or totally cancel the decrease due to the quenching out 
of spin flip scatterings via paramagnons , and thus resultinr in 
a bpJp 0 decreasing wi th H slower than H2 predicted by OUr low 
field calculation. There is of course the normal positive contri-
bution to the magnetoresisti vi ty ~due to the !,I\ E term in the Bol t-
zman equation (~ being the velocity of the conduction electron) , 
i.e. the deflection of the conduction electron from its straight 
path by the Lorenz force. This giv€s a positive Sp/po that is in 
general proportio~al to H2 and obeys Kohlar's rule (see for example 
Ziman 1960) , and has been shown by Brodsky (1967) to be the dominant 
term above~ 3 kilogauss in his Pu measurements • 
To sum up , then,we have shown that the presence of Spin 
Fluctuations in Pu could account reasonably well for the initial 
decrease of resistivity with increase in magnetic field when external 
magnetic fields are applied to the system • The magnetic nature 
of these spin one excitations , in the presence of a magnetic field 
imposes a minimum energy of tAlon the difference between the initial 
and final energies of the conduction electrons for the transition 
to OCcur via them. Some of these transitions are forbidden by 
the Exclusion Principle and thus partial" Hquenching out" of the 
spin flip scatterings is resulted , leading to a decrease in the 
resistivity, or equivalently a negative magnetoresistivity • The 
Spin Fluctuation model thus offers a plausible alternative to the 
magnetic ordering model in providing an explanation for the maeneto-
resistivity results in Plutonium. 
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Other ph, sical pro erties of the ,toctl' nl' des ln 
1. t f: f~ S 1 i n :~ 1 u c t 
uation model 
The investigation into the effect of Spin Fluctuations on 
the physical properties of metals in general is by no mea~s co~rlete • 
However the results of theoretical work available so far seem 
to lend support to this model in providing, at least qualitatively, 
a reasonable basis for the interpretation fo the low temperature 
physical properties of the Actinides • A unified picture seems to 
eme~ge if we consider the exchange enhancement factor , a function 
both of the intraatomic exchange interaction U within the narrow 
o 
5f band and the density of states at the Fermi surface, given by 
(1 - UoD( Ef ) )-1 increases across the Actinide series, and that 
by the time we arrive at Neptunium and Plutonium , the interaction 
strength U has become sufficiently strong and/or the density of 
o 
states at the Fermi surface has become sufficiently large for these 
metals to be cO~lsidered as nearly ~asnetic , and t~e S}'in Fluctuations 
play an important role in their electronic prorerties at low temp-
eratures • The progressive increase of the magnetic susceptibility ~ 
across the Actinide series can be explained satisfactorily in the 
Spin Fluctuation model which predicts , from equation (2.88) 
2 [1 - 4 e y · · · · · .J %(T) 2PBD( f.f) = 112 TSF 1 - UoD( t f ) 
This equation is valid only for low temperatures such that T« TSF ' 
thus the second term is , in practice , negligible • ~e then have 
in this model, at low temperatures, a magnetic susceptibility 
that is essentially te~perature independent and rroportional to 
both the density of states and the enhancement factor • ~he nearly 
. of the Actinides at low temper3tu:-es 
constant magnetic susceptibilit~es 
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are indeed obG~rved experimentally , and 
the increase o~ N ", 
- ,\/ W l t (. 
atomic number would in this model be due 
to the increase in both 
D( €of) and the enhancement factor (1 _ U D( c. ) )-1" " 
o ~ wlth atomlc number 
across the series • The results on electronic specific heat constant ~ 
of the Actinides also find 1 
an exp anation"in the Spin Fluctuation 
model on similar grounds • From equation (2.86) 
of chapter 2 , in 
the Spin Fluctuation model , r is given by 
2 (lTk
B
)2D( Ef ) 
*: 
~ m = 3 m 
with 
m* 
1 + 9 log [1 + tz(qJkf)2UODU"f)/{1 - UoD(fy))] = 2Uo~( Ef ) m 
where the symbols are as defined in chapter 2 • The eXperimentally 
observed increase in ~ across the series could then be attributed 
to the increase in D(Ef ) , the density of states, as well as 
the increase in m*/m , the electronic mass enhancement which is 
a function of the exchange enhancement factor (1 - UoD( tf ) )-1 • 
We would like to mention in passing that Julien et al(1973) have 
suggested that by including the mass enhancement effect which 
had been ignored by Arko et al(1972) in evaluating the value of 
the exchanee enhancement factor of Pu (by comparing the values 
of the density of states obtained from magnetic suscertibility 
measurements , D(£f)~ , with that from specific he~t measurements 
D(ff)~ ) , the exchange enhancement factor of Pu would be of the 
order of 10 rather than the value of 2.1 obtained by Arko et al • 
However , we found that the mass enhancement in Pu is relatively 
small , although not negligible , and the exchan,:e enhancemen t 
factor is close to 2 rather than 10 as suggested by Julien et al • 
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We shall briefly present our arguments below : 
Including the mass enhancement factor m*/m , we have for Pu 
( 1 - U 0 D ( Ef » -1 
m*/m = 2.1 
then employing the Spin Fluctuation value of m*/m given by equation (2.86) 
we have 
(1 - U D(E »-1 
. a r 
This equation has a solution at UoD( e.f)N 0.53 , for qc"" k f t giving 
a mass enhancement factor a value of~1.13 t and an exchange enhance-
ment factor a value close to 2 • 
The Spin Fluctuation model also predicts a term proportional 
to (T/TSF)3log(T/TSF) in the 10\0' temperature specific heat (equation 
(2.86» t this would show up as an up turn in the low temperature 
region as T-tO in a plot of CyT against T2 where Cy is the measured 
specif;ic heat • It would be interesting to see if this up turn 
exist in Np and Pu when low temperature data become available in 
the future (present specific heat data of Np are limited to those 
above SOK(Lee et al 1970) and Pu to those above 10oK(Lee et al 1970). 
The low temperature resistivity of both Np and Pu obey a Tn law 
where n- 2 t again in agreement with the prediction of the model , 
which predicts a dominant T2 term in the low temperature electrical 
resistivity arising from the spin flip scatterings of the conduct-
ion electrons via paramagnons • The comparison between theoretical 
prediction and experimental results is , however , less obvious 
in the thermal resistivity. It is made difficult by the important 
role played by phonons in thermal conduction in the Actinides , 
especially in Pu , ~here the majority of the heat is carried by 
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phonons (Hall , Mortimer and Lee 1973) , contrary to the case of 
an ordinary metal where heat conduction is a'-,-most entirely due 
to electrons • Therefore, it has not been possible to single out 
satisfactorily the electronic component in the the~_mal resistivity 
for meaningful comparison with the theory to be made & 
5.3 Recent models for the higher temperature resistivity of Nn and iu 
The Spin Fluctuation model .appears to provide a reasonable 
explanation for the physical properties of the Actinides at low 
temperatures • However , there is one obvious question that one 
can ask : what happens to the Spin Fluctuation system when the 
temperature is raised? Kaiser and Doniach (1970) and Mills(1973) 
extended the resistivity calculation to higher temperatures by 
employing-the zero temperature form of spectral density of the 
Spin Fluctuations. The results show that the electrical resistivity 
2 
changes gradually from a ~ dependence at low temperatures to-a T 
dependenc~at a temperature of the order of ~TSF ' and then the 
resistivity continues to increase linearly with T i~definitely • 
2 The transfer of the resistivity from a T to a T dependence cal-
cUlated this way may be a good first approximation to the effect 
of temperature increase on the Spin Fluctuation system ; however , 
at higher temperatures the zero temperature form of the spectra~ , -
density is no longer a good approximation • As shown by Julien 
et al(1973) , the peak in the spectral density of the Spin Fluct-
uations that exists at low temperatures broadens out as the temp-
erature is increased , due to the temperature variat!8n of the 
function R(S,w) , the real part of the dynamic susceptibility 
for a non-interacting electron gas • At temperatures such t~.at 
T-T
r 
the degeneracy temperature of the narrow f-band , the spec\r~l 
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density of the Spin Fluctuations, which is proportional to I~~(2'~) 
the imaginary part of the susceptibility function , ~&~ Lecoce 
small and flat • Thus the peak characteristic of the ~~ramarnons 
at low temperatures gets levelled out by temperature increases , 
and one can no longer speak of enhanced Spin ?luctuations at high 
temperatures • Julien et al(1973) computed the temperatllre dependence 
of both Im%(~,w) and R(~,w) over the entire temperature range and 
used the results to account for Yhe resistivity behaviour in Np 
and Pu • However, in order to fit the experimental data, degeneracy 
temperatures of the same order of magnitude for both the conductiGn 
band and the narrow f-band had to be employed , and this , as 
pointed out by Doniach (1973) , seems unlikely to be the case 
in practice • Moreover , the results of Julien et al(1973) predict 
a strongly temperature dependent static susceptibility that obeys 
a Curie-Weiss law at temperatures >1000 K , such temperature dependence 
has not been observed exrerimentally for r:p and Pu • 
The:different effects of:~elf-irradiation damage on the two 
temperature regions of the resistivity curve, namely, the region 
below the resistivity maximum and the region above it , appears 
to point to separate mechanisms being operative in these regions • 
This led Doniach(1971) and Arko et al(1972) to suggest that the 
5f electrons , which are well hybridized and hence have well defined 
bands at low temperatures , are no longer completely hybridized 
at high temperatures , but become partially localised leading 
to dl.·sordered alloy systems. Between the to a situation similar 
the behaviour of the resistivity-temperature two temperature regions , 
I t he rurity and state of curve would then depend considerab y on ~ 
t bl At low temperature~, 
and would be unpredic a e • damage of the specimen 
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the scattering of conduction electrons off the Sr:in Fluctuatic,::s 
oft hen ar row 5 f ban d g i v e sri set 0 the T~ t e r min the res is t i \" i t Y • 
, . 
At high temperatures such that T> TSF ' it was suggested that 
because of the high concentration of the Actinide atoms , the 
scatterings of the conduction electrons have the effect of broaden-
ing the energy level with of the hybridized f-electrons , making 
the f-band Bloch functions lose their coherence and thus tending 
to· de-hybridize them • Doniach then showed that when the energy 
level width of the f~electrons have been broadened to be of the 
order of the width of the narrow f-band , the scattering and hence 
the resistivity becomes self-limiting. The reduction of the exchange 
enhancement facto'r wi th increasing temperature could then lead 
to a reduction in magnetic scattering and hence a neeative slope 
in the res~stivity-temperature curve at higher temperatures • 
However , under these circumstances , one would expect a corresponding 
decrease in the magnetic susceptibility should the exchange enhance-
ment factor decrease with increasing temperatures. The magnetic 
susceptibilities of the Actinides are, however, almost temperature 
temperature indenendent • Doniach's theory, therefore, while 
~ ~ 
. f the resl'stivity behaviour of Np and Pu qualitatively accountlng or 
at high temperatures , again fails to predict the observed temperature 
dependence of the magnetic susceptibilities of these metals • 
5.4 Concluding remarks 
Thus the low temperature properties of the Actinides can be 
explained reasonably satisfactorily within the Spin Fluctuation 
or equivalently paramagnon model • However the almost temperature , 
t "b"l"ty and the strongly temperature independent magnetic suscep 1 1 1 
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dependent electrical resistivity of in p:?trticular ::n and Fu ! 
which are believed to be nearly magnetic , have presented considerable 
difficulties in attaining a consistent theory at hiFher te~Deratures • 
Existing theories for the high temperature ne~ative slope of thE 
resistivity-temperature curve of Pu , namely the interband model dis-
cussed in chapter 4 , and the models due to JUlien et al(1973) 
and Doniach(1971) mentioned above, while accounting well for the 
high temperature resistivity behaviour, all suffer the draw-back 
of predicting a temperature dependent magnetic susceptibility 
which is not observed in the Actinides • Thus , one is led to conclude 
that were the existing high temperature theories applicable , there 
must be some extra mechanism being sperative in Np and Fu , giving 
rise to a magnetic susceptibility that increases with temperature 
in such a "way as to balance the decrease due to either the temp-
erature variation of the Fermi level (in Smoluchowski's theory, ctapter ~ 
or the decrease in magnetic scattering with temperature increase 
(Doniach's theory, this chapter) , or both, resulting in a magnetic 
susceptibility that is almost independent of temperature. Thus to 
explain both the observed electrical resistivity and macnetic 
susceptibility of the Actinides, Np and Pu in particular , existin~ 
high temperature theories had to be supplemented by bringing in 
an extra mechanism that causes a temperature dependence in the 
" "b"l"t that 1."s equal and o~posite to th~t due magnet1.c suscept1. 1. 1. Y _ 
to "'1 for the h1."gh temperature beh~vi8ur the mechanism responslo e -
in the electrical resistivity while having little or no effect 
on it • Unfortunately, such a mechanism seems difficult to be 
conceived • An alternative conclusicn that one can draw is that 
the physl"cal properties of the Actinides, at low temperatures 
Pu , are do minated by Spin Fluctu~:ion~ in particularly Np and tLese 
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systems • As the temperature increases , the Spin Fluctuatio~s 
lose their significance and some extra mecl13nis~ becomes oper~tivc 
at higher temperatures. This extra mechanism would be non-~:c:~c~ic 
1n nature , thus leaving the magnetic susceptibility little Ch2~[~d 
while strongly affecting the electrical resistivity and causing 
it to increase much less rapidly in the case of Tlp , and in Pu , 
to decrease with increasing temper-ature • Owing to the co~plicated 
c~ystal structure of these earlier Actinides , this mechanisffi 
could possibly originate from some lattice effects • However , 
the Actinides are complicated systems and detailed invest~f,ation~ 
are necessary before firm conclusion can be drawn • 
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Calculation of P(2,w') D.nci I(,; w') 
-' 
A • 1 R ( .9.. , w' ) 
Taking 1 to be along the z-2xis, we can ex:~nd t~e 
denominator and tLe numerator of R(_G,w') for /k «1 ' ,A ~ q f Jr:c.:.w ,u<~vfq. 
From (2.51) and (2.53), we have 
R(q,w') 
f - f 
1 kt k+.9..J, 
= N [, e (k + .q.) - £( k ) - (w ' -a) 
k 
= ~ [ __ f ~(£_' (=k=..;.)~) ___ - _f_(.;,..;:t..=-'-.:(.=l':.:......+;:.U,.;...) +-..::6:::::;.:)~ 
k kzq/m + q2/2m - (WI -6.) 
f(E'(k»-f(£'(k+3.)) - Af't'(k+o» - L,\2:1! - d:~~ ..... 
= ~ [ ________________________ ~--____ ---------2-!----~3-!------
k k q/m + q2/2m - (w' -A) 
z 
where f' (E.') = ()f(E I) = ~f(E) from (2.53). 
oE.,1 O£ 
As the exransion of the numerator is f~irly tedious, 
-r~f + 2 ~2f 3 03.c- 4 ~4f 05 ~5: numerator = c; + a 1- + C + + . . . . . -'- ----
ok 21 Ok2 3! Ok3 4! Ok":- 5! ~k) 
z z z z z 
~c' 2 ~2f'+ s2 ~ 4 h .... ) + q~f' + SL.. ~./f' + c d 'f I 7 --6k 2! ~k2 3! ak) 4! dk'C z 
z z z 
~~" 2 ~ ) + q ~f" + .L d~f" + . . . . . . . . . . . . . . . 2! ~k 2! ~k2 
z z 
+ ••••••••••••••• ) 
+~ (f"n + q ~f"" 
4! ~k 
z 
+ ••••• ) + •••••••••••••• (2 J 
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Employing lhe followinC identities 
= L .L =(k /m) .L = (kx/m) ~ 
ok ~E. z ~E.. ~c. 
z 
(1/m) b 
~ 
, Hhere k = kx 
z 
06 3 0 3 ~k6 = (15/m ) ot3 + ••••••••••••••••••• 
z 
and rearranging the terms , we have 
numerator = -q[<kx/m + q/2", +6 / q - w'/q + <d/q)f' 
+ (q/2)(kx/m + q/2m + 6/q - t.4J/q + w'/q)2f " 
+ (q2/6 )(kx/m + q/2m + A/q - w'/q + w'/0)3 fll + •••• ] (3) 
Writing the sum over k as an integral, we have 
R(q, w' ) 1 V [2 f + 1 [ (w' /0 ) f ' = =--~ k dk dx f' + ______ ~L_~~~ __ ~_ 
N 4Tt- 0 -1 kx/m + q/2m + (Ll- w' )/q 
+ (q/2)f"(kx/m + q/2m + A/q + w'/q 
2 (w' /0) ) 
+ kx/m + q/2m + ~- c.J )/q 
..., 
+ (q3/6 )f-«kx/m + q/2m + D./q - w'/q)('o 
+ (3w'/q )(kx/m + q/2m + b/q) 
(w' /0)3 
+ kx/m + q/2r; + (~-w, )/q ) 
+ ••••••••••••••••••••••• ] <"l 
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Terms containing q l( ~) m (j n wi th l+m+n ~ 4 are being cd tted b~cause 
the contribution of these terms to R(,g"u>') has the factors 
which are negligible in the limits being considered. 
Integrating over x and rearranging , we have 
R(,g"w') = 
~ -
1 V 
- --
N 4'fi2 
1 V 
N 417'2 
w') + -q 
2(~2m + Ilq _ qW') 2 _ 6lL (.9- +A') q 2m q 
k -.-9. (6 - c./ ) 
2 3 -:+ + 
Q I ~') ~ m m 2m c b\q- f"/klOt~_...s_ \6-w' I 
1m 2m q 
Expanding the log term for small q and (.a - w') , we have 
R(S,w') = 
2 
= R(O,O) - aq 
where 
R(O,O) 
- 'a 
b 
c 
1 VJ()(J 2 . 
= - - --- k dk 2f' N 41T2 
o 
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= - .2 --Y-.(2m) 3/2[ (f(k»12 ££ de 
N2rr2 ~ 
o 
V rnk f 
L - --- = D(~f) 
- N 21T2 
o 
at T = ° K • 
v (2m) ~ 2[ _ 11. 
= --'-- m E.. T~ f' dE.. 
N 41T2 
o 
= 
o 
at T = 0 K • 
= Y... (2m)}2 mf~f" de 
N 41T2 
o 
= 
o 
at T = 0 K • 
Therefore, at T = OOK , R(S,w') is given by 
(6 ) 
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A.2 I(.9.,W') 
From (2.52) , we have 
="* ~(f(E.'(k)) - f(£·(k+.g) +A)) bf:q + :: - (W' -110 
/ 
From (3) , and writing sum over k as integral, we have 
I (,9.., w' ) = _ IT ~[k2dk q[f '(kX + .9..... + A~ + fll .9..(kX + SL + ~~2 N 4if m 2m q 2 m 2m q 
. 0 
"a kx a A 3 2() ] + f ~ m- + 2m + q + •••••••••••••••• 
m (w'-D) j+1 ~ X kq -1 dx ~ x -[kq/m 
dk[ f I (W'-A)/q - q/2m + q/2m + A/q) 
+ f" ( q/2 ) ( w ' - A) / q - q/2 m + q/2 m +~/ q) 2 
+ fll(q2/6)(W'-A)/q - q/2m + q/2m + b/q)3 .... ] 
. . . . . . . ] 
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